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ABSTRACT 
This final report describes the work which is a continuation of 
previous studies for imposing unusually high electrical charges on micro- 
particles so that they may be accelerated in a controllable electrostatic 
accelerator to hypervelocities. 
ion beam (low milliampere range) as a charging medim in conjunction with 
automatic electrostatic confinement of the microparticles during the 
charging process. Tno important criteria employed as guidelines in this 
study are the development of a technique inherently compatible with the 
production of hypervelocity particles in per second or per minute availability 
and the developnent of a system which is completely containable in the 
high voltage end of the accelerators presently being employed to accelerate 
charged microparticles. 
The approach pursued utilizes a high-current 
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I .  INTRODUCTION AND SUMMARY 
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I  
I 
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I 
A. P a r t i c l e  Charging Concept 
The work descr ibed i n  t h i s  f i n a l  r epor t  was performed under Contract NAS 1-2309 i n  
cont inuat ion of s tud ie s  i n i t i a t e d  under Contract NASw-149, which w a s  published as 
Grumman Research Department Report RE-152 (Ref.  1). 
has been the development of a means f o r  imposing unusually high e l e c t r i c a l  charge 
on micropar t ic les  so that  t h e y  may be acce lera ted  r ead i ly ,  i n  a con t ro l l ab le  e l e c -  
t r o s t a t i c  a c c e l e r a t o r  (of  t h e  low Mv Van de Graaff type ,  f o r  example), t o  v e l o c i t i e s  
far  i n  excess of those  present ly  obtainable  by o the r  means i n  t h e  labora tory .  This 
would provide a t o o l  valuable  f o r  bo th  t h e  s imulat ion of micrometeorite impact and 
the study of micropar t ic le  hypervelocity impact i n  genera l .  
The ove r -a l l  a i m  of t h i s  work 
The approach pursued i n  t h i s  inves t iga t ion  has been t o  u t i l i z e  a high-current  ion 
beam as a charging medium i n  conjunction w i t h  automatic e l e c t r o s t a t i c  confinement 
of t h e  micropar t ic les  during t h e  charging process .  Although one a l t e r n a t i v e  
charging concept,  known as "contact" o r  "induction" charging, has  been very success  - 
f u l l y  pursued by o the r s  (Refs. 2 and 3 ) ,  we be l i eve  t h a t  t h e  genera l  concept of ion 
beam charging i s  pchen t i a l ly  super ior  i n  t h a t  it o f f e r s  a means of surpassing t h e  
more l i m i t e d  c a p a b i l i t y  inherent  i n  contact  charging ( R e f .  2,  p .  3 2 ) .  A t  t h e  same 
t i m e ,  i n  pursuing t h e  use of high-current beams and automatic confinement, we have 
sought t o  avoid c e r t a i n  severe l imi t a t ions  on rout ine  use t h a t  are inherent  i n  t h e  
otherwise h ighly  success fu l  low-current ion  beam approach pursued by o the r s  (Ref. 4 ) .  
Our a i m  has  been the development of a technique inherent ly  compatible w i t h  the  pro-  
duct ion of  hyperveloci ty  p a r t i c l e s  i n  per second or p e r  minute a v a i l a b i l i t y  r a t h e r  
than  i n  per day a v a i l a b i l i t y  o r  per week a v a i l a b i l i t y .  
somewhat r e l a t e d ,  c r i t e r i o n  i n  our concept has been t h a t  t h e  charging system be 
An equal ly  important,  and 
1 
t 
completely containa'sle i r i  t h e  high voltage end of t h e  a c c e l e r a t o r ,  w i t h  t h e  i m -  
pac t  t a r g e t  specimens loca ted  at t h e  ground end. The advhqtage of t h l s  p o l a r i t y  
becomes obvious when one considers the  expenditure of time and e f f o r t  required f o r  
"unbuttoning" an Mv e l e c t r o s t a t i c  acce lera tor  after each run t o  r e t r i e v e  t a r g e t  
specimens. I n  p r i n c i p l e ,  the p o l a r i t y  problem could be overcome by employing a 
s p e c i a l l y  designed l i n e a r  a c c e l e r a t o r .  However, a t  a given s e t t i n g ,  t h i s  type of 
machine could only handle p a r t i c l e s  w i t h  charge-to-mass ra . t ios  i n  a very t i g h t  range 
about a c e n t r a l  value corresponding t o  t h e  machine s e t t i n g .  In  p r a c t i c e ,  t h i s  
would r equ i r e  the use of a system tha t  charges only one p a r t i c l e  a t  a t i m e ,  and a 
high percentage of r e j e c t i o r  of these individually charged p a r t i c l e s .  Thus, t h e  
o v e r - a l l  f l a v o r  of such a system may not be compatible w i t h  engineering labora tory  
requirements. 
For these reasons, OUT e f f o r t s  have centered on the  use of milliamperes of beam 
cur ren t  f o r  charging rather than  f r a c t i o n s  of a microampere; the charging of many 
p a r t i c l e s  simultaneously a t  a high rate ( a l b e i t  only a small f r a c t i o n  of the t o t a l  
number of p a r t i c l e s  i n i t i a l l y  i n j e c t e d )  rather than  the charging of one p a r t i c l e  at  
a t i m e ;  and automatic confinement of t h e  p a r t i c l e s  rather than manipulation of a 
s i n g l e  p a r t i c l e .  
h igh-cur ren t  ion  beam charging ( sho r t  charging t i m e )  i s  inherent ly  capable of 
achieving h igher  charge accumulation than i s  low-current (long charging t i m e )  
charging, becaiase of charge neu t r a l i za t ion  processes t h a t  can become overwhelming 
i n  the l a t te r  mode (see Appendix I V ) .  
bulky cryogenic pumping equipment i n  close proximity t o  the charging region t o  
reduce the  rate of impingement of ambient gas molecules a t t r a c t e d  t o  the e l e c t r i f i e d  
microsphere. 
e l e c t r o s t a t i c  a c c e l e r a t o r .  
It should a l s o  be  pointed out t h a t ,  i n  a given vacuum environment, 
Low-current charging r equ i r e s  t h e  use of 
Such equipment cannot be f i t t ed  i n t o  t h e  high-vol tage te rmina l  of an 
2 
B. Previous Work 
During the period of‘ t i m e  between Contract NASw-149 and the present  con t r ac t ,  it 
I had been found experimentally t h a t  the e l e c t r o s t a t i c  p a r t i c l e  i n j e c t o r  previously 
designed w a s  not s u i t a b l e  f o r  i n j ec t ing  p a r t i c l e s  w i t h  s u f f i c i e n t  ve loc i ty  to 
t r ave r se  t h e  ion beam. A modification of t h i s  i n j e c t o r  (shown i n  Fig.  1 of t h i s  
~ 
r e p o r t ) ,  which makes use of an aux i l i a ry  high ve loc i ty  a i r  stream ( toge ther  w i t h  
b a f f l i n g  and d i f f e r e n t i a l  pumping t o  pro tec t  t h e  vacuum of t h e  ion beam tube )  w a s  
developed during t h i s  inter im period and found t o  operate s a t i s f a c t o r i l y .  Experi- 
mental ve loc i ty  s tud ie s  w i t h  t h e  in j ec to r  i n  vacuum, based on observation of t h e  
v e r t i c a l  f a l l  of p a r t i c l e s  while t ravers ing  a f ixed  hor izonta l  d i s tance ,  showed 
t h a t  the p a r t i c l e s  had in j ec t ion  v e l o c i t i e s  i n  excess of 30 meters/sec,  and thus 
would pass through milliampere ion beams. 
C .  Charge Retention De temina t ion .  
Subsequent experimentation (during proton beam operat ion)  w i t h  “bucking” p o t e n t i a l s  
on an e lec t rode  placed at t h e  first-pass end pos i t i on  showed tha t  t h e  i n j e c t i o n  
v e l o c i t i e s  were not too  high for confinement of p a r t i c l e s  carrying the s m a l l  f i r s t -  
pass charge accumulation, and therefore  would a l s o  be s a t i s f a c t o r y  for confinement 
of p a r t i c l e s  more highly charged after add i t iona l  passes through the beam. 
By being ab le  t o  set a r e l i a b l e  lower l i m i t  on in j ec t ion  v e l o c i t i e s  obtained w i t h  
p a r t i c l e s  of known s i z e  d i s t r i b u t i o n ,  and from the experimental determination of 
bucking p o t e n t i a l s  required t o  s top  t h e  p a r t i c l e s  after s ing le  pass through proton 
beams of known i n t e n s i t i e s ,  we w e r e  able t o  ca l cu la t e  a lower l i m i t  f o r  t h e  amount 
of charge a c t u a l l y  re ta ined  after first pass .  These ca l cu la t ions  from experiment 
(see Appendix VI1 . ) agreed w i t h  our previous t h e o r e t i c a l  charge accumulation c a l -  
cu la t ions  performed on the b a s i s  of zero n e t  charge leakage (Ref. l, p.  59). Since 
protons may be expected t o  leak  almost instantaneously from micron size p a r t i c l e s  a t  
the temperatures a t t a i n e d  during our f i r s t - p a s s  operat ion ( R e f .  1, pp. 17-21 and 57), 
3 
t hese  measurements provided s t r i k i n g  confirmation of our previous content ion (see 
Appendix V and Ref. 1, p.  21) t h a t  leaking protons vould car ry  e l ec t rons  of f  with 
them i n  v i r t u a l l y  a one-to-one correspondence, even i n  the presence o f  considerable 
f i e l d  s t r eng ths  and high temperature.  
i 
To the b e s t  of our knowledge, t h i s  was the  f irst  t i m e  t h a t  t h i s  b a s i c  process of 
s o l i d  state sur face  physics had ever  been observed. 
i n fe r r ed  charge r e t en t ion  by observing the behavior of p a r t i c l e s  constrained t o  
c i r c u l a t e  i n  ion beams ( f o r  example, Ref. 2 ) ,  and subsequent t o  our measurements 
o the r s  had published r e s u l t s  (Ref. 4) from which the r e t en t ion  of ne t  charge on 
p a r t i c l e s  after ex t r ac t ion  from the ion beam can be in fe r r ed ,  t h e  work reported i n  
both R e f .  2 and R e f .  4 w a s  performed with very low beam i n t e n s i t i e s  (and hence w i t h  
the p a r t i c l e s  at  room temperature) ,  and seems t o  have been p r i n c i p a l l y  w i t h  low 
d i f f u s i v i t y  heavy ions such as argon. 
inves t iga ted  seve ra l  confinement systems: r a d i a l ,  p lane,  and l i n e .  
Although o the r s  had previously 
During the per iod of our s t u d i e s ,  we have 
D .  Radial  Confinement System 
Earliest e f f o r t s  i n  t h e  s tud ie s  pursued during the present  cont rac t  cons is ted  of 
a t tempts  t o  e x t r a c t  and d e t e c t  highly charged p a r t i c l e s  at  t h e  e x i t  po r t  of t h e  
c y l i n d r i c a l  g r i d  confinement system developed under Contract NASw-149. I n  previous 
prel iminary work, small q u a n t i t i e s  of p a r t i c l e s  had been captured on greased f i l t e r  
paper t a r g e t s  placed w e l l  wi thin t h e  de tec tor  p o r t ,  presumably wel l  sh ie lded  from 
t h e  inf luence of s t r a y  s c a t t e r i n g  of  p a r t i c l e s  by material sur faces  i n  t h e  charging 
tube .  Then, a l t e r n a t e l y  w i t h  f i l t e r  paper t a r g e t s  and wi th  our capac i t ive  de t ec to r  
mounted i n  p lace ,  we attempted t o  optimize var ious parameters of the charging 
system t o  pass  p a r t i c l e s  through t h e  de tec tor  i n  s u f f i c i e n t  quant i ty  t o  a l low de- 
pendable measurement of charge-to-mass r a t i o  and ve loc i ty .  These measurements re- 
quired that the p a r t i c l e s  pass  through t h e  de t ec to r  i n  s u f f i c i e n t  abundance tha t  the 
d e t e c t i o n  pu l ses  could be reliably dis t inguished from s t r a y  noise  pulses .  I n  these 
4 
attempts w e  var ied such parameters as ion beam cur ren t ,  beam focus,  confinement g r i d  
vol tage ,  and e x t r a c t o r  focusing.  On a number of occasions,  w e  were by t h i s  means 
1 
able  t o  ca tch ,  on f i l t e r  paper t a r g e t s  placed a t  t h e  de t ec to r  p o s i t i o n ,  some LO 
p a r t i c l e s  over a th ree  hour run. 
r e l i a b l y  by e l e c t r i c a l  means,-and completely out  of the range of our goal  - 
This poor y i e l d  w a s  much too  low f o r  us t o  d e t e c t  
I 
p a r t i c l e s  per  second or per  minute. This r e s u l t  l e d  us t o  re-examination of the  
f i r s t - p a s s  condi t ions as the i n i t i a l  s tep i n  an attempt t o  t r a c e  the t r a j e c t o r i e s  
I 
I 
I of the p a r t i c l e s  through the charging s y s t e m .  
I We next decided t o  t ry  t o  obta in  measurement of charges r e t a ined  and p a r t i c l e  
v e l o c i t i e s ,  i n i t i a l l y  at  t h e  f i r s t - p a s s  through the beam and subsequently a t  later 
po in t s  i n  the progress of t h e  p a r t i c l e s .  Because t h e  charge on the p a r t i c l e s  i s  
very low i n  the ea r ly  h i s t o r y  of t h e  process,  the  development and use of extremely 
high ampl i f ica t ion ,  low no i se ,  c i r c u i t r y  w a s  required.  Beam noise ,  cons is t ing  of 
a very pronounced 120 cycle  component and a much lower ( s i g n i f i c a n t  but  t o l e r a b l e )  
incoherent component, proved t o  be troublesome t o  t h i s  de t ec t ion  system f o r  low- 
charge p a r t i c l e s .  
pass  (low-charge) p a r t i c l e s  e l e c t r i c a l l y ,  while a t  the same time requi r ing  the 
ve loc i ty  -charge -mass information t o  be able  t o  obta in  usable  q u a n t i t i e s  of mul t ip le  - 
pass  (high charge) p a r t i c l e s  through the de t ec to r  at t h e  e x i t  po r t  of t h e  charging 
system. 
I 
This placed us i n  the pos i t i on  of no t  being ab le  t o  de t ec t  f irst-  
I 
I 
The need t o  e l imina te  t h e  120 cycle  s i g n a l  l e d  t o  t h e  development of a "dummy" 
d e t e c t o r  and low-noise d i f f e rence  ampl i f ie r  system. 
t o  view the beam simultaneously w i t h  the p a r t i c l e  d e t e c t o r  and t h e  inputs  of both 
were fed  t o  the d i f f e rence  ampl i f i e r ,  whose output w a s  then  f ed  t o  the  main ampli- 
f ier  and d isp lay  system. 
ampl i f i e r s  separa te ly ,  we were ab le  t o  reduce the 120 cycle  noise  t o  i n s i g n i f i c a n t  
l e v e l s  f o r  sho r t  per iods of time; but  we soon found t h a t  t h i s  balance was uns tab le  
The dummy de tec to r  w a s  made 
By ad jus t ing  the ga in  i n  each l e g  of the d i f f e rence  
5 
I 
I 
I 
and could not be adequately maintained, which meant t ha t  t he  s p a t i a l  d i s t r i b u t i o n  of 
t h e  noise  w a s  time-dependent i n  a random fashion.  
We subsequently abandoned f i r s t - p a s s  s t u d i e s  and examined t h e  d i s t r i b u t i o n  of  
p a r t i c l e s  at po in t s  i n  the charging chamber, u t i l i z i n g  f i l t e r  paper t a r g e t s .  
r e s u l t s  showed tha t  t h e  p a r t i c l e  y i e lds  toward the lower end of the system were much 
lower than had been an t i c ipa t ed ,  i n  s p i t e  of t h e  high in j ec t ion  rate. It had always 
been 
increase t he i r  e f f e c t i v e  geometric s i z e ,  thus  cu t t i ng  down on the y ie ld .  
hoped t o  overcome t h i s  by using high p a r t i c l e  i n j ec t ion  rates and g r i d  w i r e  t h i ck -  
ness and spacing that  were considerably narrower and wider, respec t ive ly ,  than the 
i n i t i a l  width of the micropar t ic le  beam. Our r e s u l t s ,  however, indicated tha t  the 
f i e l d  d i s t o r t i o n  i n  the complex geometry w a s  too  l a rge  f o r  a h e l i c a l  g r i d  w i r e  
system t o  be workable. Consequently, more s u i t a b l e  e lec t rode  geometries were 
sought. 
Our 
an t i c ipa t ed  t h a t  the nonlinear e l e c t r i c a l  f i e l d  around t h e  g r i d  wires would 
We had 
E.  Plane Confinement System 
Proceeding t o  a s l i g h t l y  more complex concept, a b r i e f  attempt was  made t o  acquire  
tighter con t ro l  of the p a r t i c l e  t r a j e c t o r i e s  by e l e c t r o s t a t i c a l l y  focusing them t o  
t h e  v i c i n i t y  of  a s ing le  plane during t h e i r  descent through the  charging system. 
The confinement system, which was very simple, obtained i t s  focusing ac t ion  from the 
vol tages  impressed on v e r t i c l e  insulated conducting p l a t e s .  In  t h i s  design, which 
is  discussed herein i n  Section 111, a ce r t a in  amount of bene f i t  was s t i l l  sought 
from the  combination of high in j ec t ion  r a t e  and d i v e r s i t y  of p a r t i c l e s  as t o  s ize  
and i n i t i a l  vec tor  ve loc i ty .  
achieved over a shor t  descent d i s tance .  
of t h e  p a r t i c l e s  rose  as t h e  p a r t i c l e s  f e l l ,  focusing vol tages  proper f o r  t h e  first- 
pass  (a necessary condi t ion)  were increasingly less s u i t a b l e  at  la ter  times i n  the 
h i s t o r y  of t h e  p a r t i c l e s .  This eventually l e d  t o  in to l e rab le  over-focusing and l o s s  
It w a s  found t h a t  adequate focusing could only be 
Because t h e  charge-to-kinet ic  energy r a t i o  
b 
of the p a r t i c l e s .  Although t h i s  r e s u l t  was not unexpected, the study had seemed 
advisable  i n  view of t he  small amount of time required f o r  i t s  completion. 
F. Line Confinement System 
Preceding work having shown the need f o r  t i g h t  confinement of the p a r t i c l e s  during 
charging, our a t t e n t i o n  w a s  d i r ec t ed  t o  confining t h e  p a r t i c l e s  t o  the v i c i n i t y  of 
a l i n e  perpendicular t o  the ion beam and passing through i ts  a x i s .  
focusing was s e l ec t ed  f o r  t h i s  purpose because magnetic focusing would requi re  
imprac t ica l ly  high magnetic f i e l d  s t rengths  f o r  the charge-to-momentum r a t i o s  of the 
p a r t i c l e s  i n  our system. Confinement t o  a l i n e  (with temporal modulation of e l e c -  
t rode  vol tages)  w a s  chosen over confinement t o  a plane ( w i t h  s p a t i a l  modulation of 
e lec t rode  vol tages)  because t h i s  would lead t o  an inherent ly  smaller  system w i t h  no 
g r e a t e r  penal ty  i n  design complexity. For  t i g h t  confinement, vol tage modulation i s  
required because the charge accumulated on the p a r t i c l e s  increases  as a func t ion  of 
t i m e ,  while focusing c h a r a c t e r i s t i c s  depend on charge-to-momentum r a t i o .  
confinement, t h e  p a r t i c l e s  must see e lec t rode  vol tages  gradual ly  decreasing i n  time 
i n  order  t o  avoid over-focusing. In  plane confinement, the s p a t i a l  modulation must 
be co r re l a t ed  t o  the rate of fa l l  of the p a r t i c l e s .  
E l e c t r o s t a t i c  
I n  l i n e  
Tight focusing a l s o  a c t s  more r ead i ly  t o  r e j e c t  p a r t i c l e s  having inappropriate  
charge- to-kinet ic  energy r a t i o s ,  by over-focusing t h e  more h ighly  charged p a r t i c l e s  
and under-focusing t h e  less highly charged p a r t i c l e s .  This decreases the number of 
p a r t i c l e s  ava i l ab le  f o r  charging. By cont ras t ,  for example, our previous g r i d  con- 
finement system had the v i r t u e  of confining a l l  the p a r t i c l e s  (preventing t h e  
p a r t i c l e s  from h i t t i n g  the e x t e r i o r  housing of the system) when adjusted t o  confine 
those  having the lowest charge-to-kinetic energy r a t i o s .  
cause t h e  l i n e  confinement can only synchronize w i t h  a very b r i e f l y  pulsed i n j e c t i o n  
of p a r t i c l e s ,  we were anxious t o  obtain an increased p a r t i c l e  i n j e c t i o n  rate 
c a p a b i l i t y  and p a r t i c l e  co l l imat ion  proper t ies  supe r io r  t o  the 1 
For t h i s  reason, and be- 
0 spread t y p i c a l  of 
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our o ld  i n j e c t o r .  
e f f o r t s  t o  obtain a semiempirical tuning i n  on t h e  e lec t rode  vol tages  and modulation 
required.  
modified i n j e c t o r  shown i n  Fig.  18. 
through the use of an a u x i l i a r y  per ipheral  gas stream. This a t t r i b u t e  a t  the same 
time provides g r e a t e r  p a r t i c l e  y i e ld  because fewer p a r t i c l e s  a r e  r e j ec t ed  by the 
col l imat ion s l i t .  
t i o n  ( 1 / 6 O  compared t o  lo), and y ie ld  were a t t a i n e d  w i t h  the new i n j e c t o r  hardware, 
the higher  i n j ec t ion  v e l o c i t i e s  c h a r a c t e r i s t i c  of t h e  col l imat ion scheme presented 
an unexpected problem. 
These a t t r i b u t e s  would be espec ia l ly  highly des i rab le  i n  i n i t i a l  
Our e f f o r t s  i n  t h i s  d i r ec t ion  lead  t o  the design and t e s t i n g  of the 
This device provides super ior  col l imat ion 
Although the design objec t ives ,  as t o  g rea t ly  improved coll ima- 
Our scheme f o r  e l e c t r i c a l  confinement of the p a r t i c l e s  requi res  t h a t  the p o t e n t i a l s  
employed be a t  a l l  t i m e s  capable of repe l l ing  t h e  p a r t i c l e s  back i n t o  the ion beam. 
The e lec t rode  vol tage requirement i s  highest  during the first f e w  passes of the  
p a r t i c l e s  through the beam, s ince  t h e  charge on a given p a r t i c l e  i s  very low during 
t h i s  per iod .  Previously,  with t h e  o ld  in j ec to r ,  we had found that a bucking poten- 
t i a l  of some 2 kv w a s  adequate f o r  turning p a r t i c l e s  back a f t e r  a s ing le  pass 
through a 1-ma proton beam. 
i n j e c t o r ,  higher  vol tages  and higher  beam curren ts  (more charge on first pass )  were 
required f o r  r epe l l i ng  the p a r t i c l e s .  In p a r t i c u l a r ,  it w a s  found that the new i n -  
j e c t o r  required bucking p o t e n t i a l s  of at least 6 kv w i t h  a 3-ma proton beam. 
the bucking p o t e n t i a l  required f o r  f irst  pass ,  should vary as t h e  cube of the i n -  
j e c t i o n  ve loc i ty  and inversely as t h e  first power of the beam curren t ,  it can be 
i n f e r r e d  t h a t  the v e l o c i t i e s  obtained w i t h  the  new i n j e c t o r  were twice as high as 
those  obtained with the o ld  i n j e c t o r .  
With t h e  higher v e l o c i t i e s  c h a r a c t e r i s t i c  of the new 
Since,  
Within the vacmm c a p a b i l i t i e s  of t h e  ex is t ing  pumping system we were unable t o  
maintain the 6-kv bucking operat ion r e l i ab ly ,  because of concomitant i n t e rmi t t en t  
e l e c t r i c a l  discharge of t h e  e lec t rodes  through t h e  ambient p a r t i a l l y  ionized gaseous 
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environment. 
v e l o c i t i e s  by d r a s t i c a l l y  reducing t h e  upstream gas pressures  i n  the i n j e c t o r  re- 
su l t ed  i n  impairment of the improved in jec t ion  rate sought i n  t h i s  new device.  
Since improvement of the system vacuum t o  a l l o w  use of the required 6-kv bucking 
vol tage would have required revis ions i n  major por t ions  of t h e  equipment, the new 
i n j e c t o r  was s e t  aside f o r  fu tu re  use and the o ld  i n j e c t o r  was i n s t a l l e d  on the l i n e  
confinement charging system. 
r i s k ,  investment i n  an e f f o r t  t o  avoid a poss ib le  unnecessary delay i n  reaching the 
b a s i c  object ive - t h e  ex t r ac t ion  of highly charged p a r t i c l e s  i n  quan t i t i e s  t ha t  
could be r e l i a b l y  
A t  the same time, it was found tha t  attempts t o  obtain lower p a r t i c l e  
This decision amounted t o  making a modest, bu t  high 
detected and analyzed as t o  mass-velocity-charge co r re l a t ions .  
Subsequent e f f o r t s  have consis ted of attempts t o  e x t r a c t  highly charged p a r t i c l e s  
from the  system by hand-and-eye tuning of the e l e c t r i c a l  and timing parameters 
while observing pulses  from the  de tec tor  on an osci l loscope.  Meaningful pu lses  
have not been obtained, which we in t e rp re t  as a def iciency i n  e i t h e r  our p a r t i c l e  
i n j e c t i o n  rate o r  our l ens  configuration. 
An i n t e r e s t i n g  s i d e l i g h t  of t h i s  inves t iga t ion  has been the reduction of de t ec to r  
no ise  t o  a minimum, and the  consequent enhancement of de tec t ion  s e n s i t i v i t y .  
has been important t o  us because f i r s t - p a s s  s tud ie s  are very bas ic  t o  our work on 
confinement. The e l e c t r i c a l  de tec t ion  of f i r s t - p a s s  p a r t i c l e s  requires  the use of 
very high ampl i f ica t ion  and low noise  instrumentation, because these  p a r t i c l e s  only 
ca r ry  about 1 percent of t h e  design f i n a l  charge. 
no ise  was previously es tab l i shed  t o  be associated w i t h  beam noise  during the e a r l y  
" f i r s t - p a s s "  de tec t ion  experimentation, i n  which a dummy de tec to r  and a d i f fe rence  
ampl i f i e r  were used t o  reduce de tec to r  noise .  It i s  s t a t e  of the art knowledge 
t ha t  p o s i t i v e  ion beam systems i n  vacuum invar iab ly  give rise t o  secondary e l ec t rons  
due t o  the c o l l i s i o n  of ions with residual  gas and due t o  t h e  impact of s t r a y  ions 
on the s t r u c t u r e  of t h e  apparatus .  The la t ter  e f f e c t  usua l ly  predominates, e spec ia l ly  
This 
The major por t ion  of our de t ec to r  
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I i n  t h e  presence of metals. I n  the e a r l i e r  work w e  had not considered secondary 
e l ec t rons  as a source of noise  i n  the  detector  because the surrounding geometric 
and f i e l d  configurat ions seemed t o  preclude t h i s  p o s s i b i l i t y  automatical ly .  
Instead,  we had a t t r i b u t e d  the pickup t o  s t r a y  f i e l d s  r e s u l t i n g  from 120 cycle 
r ipp le  i n  the beam. By using ba t t e ry  biasing during work with t h e  l i n e  confine- 
ment system we discovered tha t  t h i s  120 cycle r i p p l e  noise  i s  caused by e l ec t ron  
i 
I 
I 
I 
I 
curren ts  flowing through the de tec to r ' s  1,000 meg input  impedance; t h i s  current  i s  
very s m a l l  (50 IC   amp) and is  probably due t o  beam-noise-dependent secondary emis- 
s ion  from proton impacts on var ious meta l l ic  sur faces .  
mounted so  as t o  sweep the e lec t rons  away before they reach the de tec t ion  cy l inder ,  
w a s  e f f e c t i v e  i n  reducing the de tec to r  noise t o  much more acceptable  l e v e l s .  
I 
i 
t 
1 
A small permanent magnet, 
I 
A t  the t i m e  of t h i s  wr i t ing  we are engaged i n  minimizing low l e v e l  microphonic ran- 
dom noise  tha t  may be masking low y ie ld  de tec t ion .  
i n i t i a t i n g  a f u l l - s c a l e  mathematical analysis  of our l e n s  systems t o  r e f i n e  ana lys i s  
previously performed by ex t rapola t ing  r e su l t s  obtained w i t h  a t w o  dimensional e l e c -  
t r i c a l  analog p l o t t i n g  board. We are a l so  s t a r t i n g  on the redesign of vacuum 
pumping c a p a b i l i t i e s  of our system t o  allow the use of higher  e lec t rode  vol tages ,  
and thus t o  allow use of t h e  new in j ec to r .  
A t  the  same time, we a r e  
I 
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11. EXPEBIMENTAL WORK ON RADIAL CONFINEMENT SYSTEM (INITIAL SYSTEM) 
A.  P a r t i c l e  I n j e c t o r  
The design of an e l e c t r o s t a t i c  i n j e c t o r  was presented i n  Ref. 1 (p. 67). The in- 
j e c t i o n  system employed a p a r a l l e l  p l a t e  capac i to r  ("dust chamber") and an ex te rna l  
e l e c t r i c a l  f i e l d  t o  acce le ra t e  s l i g h t l y  nega t ive ly  charged p a r t i c l e s  i n t o  t h e  
charging chamber. The dust  chamber cons is t s  of two p a r a l l e l  conducting d isks  
capping a l - l / b i n c h  hollow c y l i n d r i c a l  i n su la to r ,  t h i s  assembly being mounted with 
t h e  ax i s  of t he  cy l inder  i n  l i n e  with the e a r t h ' s  g r a v i t a t i o n a l  f i e l d .  Microparti-  
c l e s  loaded i n t o  t h e  evacuated chamber i n i t i a l l y  l i e  a t  rest  on t h e  lower conduct- 
i ng  p l a t e  under t h e  influence of gravi ty .  I n  operat ion,  a dc e x c i t a t i o n  vol tage  i s  
appl ied across  t h e  conducting p l a t e s ,  e s t ab l i sh ing  an e l e c t r i c  f i e l d  with vec tor  
d i r ec t ion  running from t h e  p o s i t i v e  upper p l a t e  t o  t h e  negat ive lower p l a t e .  A s  
t h e  vol tage  i s  r a i sed ,  p a r t i c l e s  r e s t i n g  on t h e  lower p l a t e  acquire  increas ingly  
g r e a t e r  amounts of excess negat ive charge. 
kv),  g r a v i t y  and cohesive forces  are overcome, and t h e  p a r t i c l e s  jump t o  t h e  upper 
p l a t e ,  where they  become p o s i t i v e l y  charged, and then acce lera ted  back t o  t h e  lower 
p l a t e  where they  become negat ive ly  charged again.  The n e t  e f f e c t  i s  t o  f i l l  t h e  
e n t i r e  volume of t h e  dust  chamber wi th  f i n e l y  separated a g i t a t e d  dust  p a r t i c l e s .  
A small  channel i n  t h e  upper p l a t e  provides a " p a r t i c l e  leak" through which some of  
t h e  s l i g h t l y  nega t ive ly  charged p a r t i c l e s  t r a v e l  up i n t o  t h e  acce le ra t ing  chamber. 
The cons t ruc t iona l  d e t a i l s  of t h e  acce lera t ing  chamber a r e  not pe r t inen t  t o  t h e  
present  discussion.  The func t ion  of t h i s  chamber i s  t o  acce le ra t e  t h e  p a r t i c l e s  
i n t o  t h e  ion beam wi th  s u f f i c i e n t  ve loc i ty  t o  allow t h e  p a r t i c l e s  t o  pene t r a t e  t h a t  
beam f u l l y ,  A s  t h e  p a r t i c l e s  t r a v e l  i n t o  t h e  beam, t h e i r  s l i g h t  negat ive charge i s  
quick ly  neu t r a l i zed  and they  begin t o  acquire p o s i t i v e  charge, as  a r e s u l t  of  ion 
bombardment. A s  soon as they  become p o s i t i v e l y  charged, t h e  p a r t i c l e s  a r e  subjected 
A t  a s u f f i c i e n t l y  high vol tage ( s e v e r a l  
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t o  an e l e c t r o s t a t i c  fo rce  d i rec ted  away from t h e  cen te r  of t h e  beam. The i n i t i a l  
i n j e c t i o n  ve loc i ty  must be s u f f i c i e n t l y  high t o  take  t h e  p a r t i c l e s  through t h e  
cen te r  of t h e  beam, i f  t h e  f u l l  charging c a p a b i l i t y  of t h e  beam i s  t o  be employed. 
For a given mechanical and e l e c t r i c a l  configurat ion i n  t h i s  scheme, t h e  i n j e c t i o n  
v e l o c i t y  of t h e  p a r t i c l e s  depends upon t h e  amount of negative charge acquired by 
p a r t i c l e s  of a given mass before they  e x i t  t h e  dust  chamber, This quant i ty ,  i n  
t u rn ,  depends upon t h e  g r a v i t a t i o n a l  and cohesive forces  t o  which t h e  p a r t i c l e s  
a r e  subjected i n  t h e  dust  chamber. For i l l u s t r a t i o n ,  i n  p r inc ip l e ,  even an excess 
of one e l e c t r o n i c  charge would l i f t  a p a r t i c l e  o f f  t h e  negative (lower) p l a t e  i n  t h e  
absence of t hese  fo rces  . The cohesive fo rces  seem t o  be s t rongly  dependent on 
humidity, and poss ib ly  on unevaluated other  f a c t o r s ,  For t h i s  reason, it i s  d i f f i -  
c u l t  t o  ca l cu la t e  p r e c i s e l y  t h e  in j ec t ion  v e l o c i t y  provided by an i n j e c t i o n  system 
of t h i s  type.  
I n i t i a l  experimental attempts with a device of t h i s  design proved unsa t i s f ac to ry  
from t h e  s tandpoint  of i n j e c t i o n  ve loc i ty  wi th  t h e  i n j e c t i o n  vol tages  employable i n  
our ove r -a l l  system. 
a i r  stream, and d i f f e r e n t i a l  pumping t o  p ro tec t  t h e  vacuum i n  t h e  ion beam charging 
chamber, worked s a t i s f a c t o r i l y  f o r  a while.  However, under repeated use, d i f f i c u l -  
t i e s  were encountered wi th  clogging of t h e  i n j e c t i o n  o r i f i c e  by accumulated p a r t i -  
c l e s .  Subsequent work, under t h e  present  cont rac t ,  l e d  t o  t h e  design shown i n  Fig.  
1, which has been employed i n  t h e  bulk of  t h e  present  work. 
proper  func t ioning  of t h i s  i n j ec to r ,  d r j -  b o t t l e d  n i t rogen  should be employed a s  t h e  
gas vehic le ,  r a t h e r  than a i r ,  t o  minimize o r i f i c e  clogging by t h e  p a r t i c l e s ;  i n  
t h i s  connection "O-ring" seals are employed i n  t h e  assembly of t h e  device t o  exclude 
ambient a i r  from t h e  system, which i s  t y p i c a l l y  run wi th  an upstream gas pressure  of 
between 1.0 atmosphere and 0.1 atmosphere. 
A quick so lu t ion  based on t h e  incorporat ion of  a high v e l o c i t y  
It was found t h a t  f o r  
I n  addi t ion,  t h e  dust  chamber capac i to r  
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p l a t e s  a r e  made of s t a i n l e s s  s t e e l  ra ther  than brass ,  s ince  brass  p l a t e s  were 
found t o  be overly subjec t  t o  erosion tha t  r e s u l t s  i n  the  production of extraneous 
brass  dust.  With these  precautions,  the present  i n j e c t o r  device operates  over 
8-hour runs r e l i a b l y ,  and provides measured p a r t i c l e  feed r a t e s  of about 500 
part ic les /minute .  
obtainable,  when needed, through r e l a t i v e l y  minor changes i n  t h e  design, such a s  
the  use of higher upstream pressures  and higher  e x c i t a t i o n  vol tages  i n  t h e  dust 
chamber. 
We est imate  t h a t  considerably higher feed r a t e s  w i l l  be r e a d i l y  
In  use, t h e  i n j e c t o r  i s  mounted v i a  a glass stand-off attached t o  t h e  outer  s t ruc-  
t u r e  of t h e  ion beam charging chamber. Gas and p a r t i c l e s  a re  drawn through t h e  
c a p i l l a r y  (which i s  a 4 - m i l  i n s ide  diameter, 2-inch long s t a i n l e s s  steel  tube)  under 
t he  inf luence of t h e  a i r s t ream resu l t i ng  from the  d i f fe rence  i n  s t a t i c  pressure  a t  
t h e  tube ends (upstream s ide  a t  about 1 atmosphere, downstream side a t  about 60 
microns). 
gas i s  removed with a roughing pump, t o  maintain a pressure of 60 microns. 
p a r t i c l e s  pass through t h i s  chamber unimpeded, en te r ing  t h e  ion beam charging 
chamber through t h e  1/32-inch chamber col l imat ing hole .  
c a p i l l a r y  tube t h e  p a r t i c l e s  a re  rapidly acce lera ted  under t h e  inf luence of t h e  high 
v e l o c i t y  gas stream, Theore t ica l  ca lcu la t ions  of i n j e c t i o n  v e l o c i t i e s  obtained, 
based on a g r e a t l y  s impl i f ied  ca lcu la t iona lmodel ,  a r e  given i n  Appendix V I .  It i s  
seen i n  Fig. A l 5 ,  t h a t  p a r t i c l e  v e l o c i t i e s  a r e  only imperceptably a f fec ted  by gross 
changes i n  upstream gas pressure (due t o  sonic choking of t he  gas f low),  but  a r e  
h ighly  dependent on p a r t i c l e  s i ze .  
determined experimentally by allowing the  p a r t i c l e s  t o  t r ave r se  a 15-inch-long 
vacuum tube  i n  which t h e  p a r t i c l e s  were allowed t o  f a l l  under g r a v i t y  and where 
t h e  amount of measured v e r t i c a l  displacement i s  propor t iona l  t o  t h e  p a r t i c l e  
ve loc i ty .  
They then pass i n t o  t h e  d i f f e r e n t i a l l y  pumped chamber, where most of t h e  
The 
In  t r a v e l i n g  through t h e  
A lower l i m i t  on p a r t i c l e  ve loc i ty  has been 
I n  t h i s  manner t h e  lower l i m i t  was s e t  a t  vo 3 30 m/sec. 
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The operat ion of t h e  i n j e c t o r  i s  occasionally subject  t o  clogging of the  c a p i l l a r y  
tube wi th  p a r t i c l e s ;  t h e  exact  reasons for t h i s  phenomenon have n e i t h e r  been de ter -  
mined nor sought i n  t h e  present  inves t iga t ion .  The gas t h a t  we employ i s  bo t t l ed  
"dry" nitrogen, and t h e  micropar t ic les  a re  passed through a No. 500 mesh and 
thoroughly dr ied under heat  and vacuum before being loaded i n t o  the  in j ec to r .  
t h i s  reason, moisture does not appear t o  be responsible  f o r  t h e  clogging. 
o ther  hand, although t h e  c a p i l l a r y  tube diameter i s  only on t h e  order  of t en  t imes 
t h a t  of a s ing le  p a r t i c l e ,  pure ly  mechanical jamming seems improbable. Although 
clogging does slow our s tud ie s  a t  times, and i s  thus  an occasional  source of f rus -  
t r a t i o n ,  t he  percentage of down t i m e  i s  very low i n  t h e  present  appl icat ion.  I n  
' later work, huwever, it would be advisable t o  minimize t h i s  f a c t o r  i f  t h e  i n j e c t o r  
i s  t o  be employed i n  a "buttoned-up" Mv acce lera tor .  
For 
On the  
B. F i r s t  Pass Studies  
Previous work, presented i n  (Ref. 1) had l e d  t o  t h e  design of the  h e l i c a l  g r id  
confinement ion beam charging system. This design had been predicated on the  use 
of a high input  r a t e  of p a r t i c l e s  diverse i n  mass and ve loc i ty ,  i n  an admittedly 
high-loss  confinement system, t o  produce l a rge  numbers of charged p a r t i c l e s .  I n  
prel iminary s tud ie s  with operat ion of the  f u l l  system, we had co l l ec t ed  s m s l l  
q u a n t i t i e s  of p a r t i c l e s  i n  t h e  ex t rac t ion  po r t  of t h e  device, a t  a poin t  presum- 
ab ly  wel l -shielded from t h e  inf luence o f  s t r a y  s c a t t e r i n g  of p a r t i c l e s  by ma te r i a l  
sur faces  i n  t h e  charging chamber. 
var ious parameters, such a s  ion beam current,  beam focus,  confinement g r id  vo l t -  
age, and ex t r ac to r  focusing, i n  an attempt t o  e x t r a c t  highly charged p a r t i c l e s  i n  
anabundance s u f f i c i e n t  t h a t  r e l i a b l e  measurements of charge, ve loc i ty ,  and mass 
c o r r e l a t i o n  could be r e a d i l y  
t r i c a l  noise pulses.  By t h i s  means we were ab le  t o  obtain,  on a number of occasions, 
some 10 p a r t i c l e s  over a three-hour run. This poor y i e l d  w a s  much too  low f o r  us t o  
I n  the  cur ren t  work we attempted t o  optimize 
accomplished aga ins t  t h e  background of s t r a y  e lec-  
de tec t  r e l i ab ly ,  and completely out of t h e  range of our goal,  - p a r t i c l e s  per  sec- 
ond o r  per  minute. This r e s u l t  l e d  us t o  an experimental re-examination of t h e  
f i r s t - p a s s  condi t ions as t h e  f i r s t  s t e p  in  an attempt t o  t r a c e  the  t r a j e c t o r i e s  
of t h e  p a r t i c l e s ,  and t h e  influence working on them, during t h e i r  descent through 
t h e  charging system. 
Optimization of system parameters necessary f o r  automatic confinement of charged 
p a r t i c l e s  i s  highly dependent on a knowledge of p a r t i c l e  mass-velocity-charge. 
Toward t h i s  end and t o  e s t a b l i s h  the  physical  v a l i d i t y  of t h e  beam charging method 
[mindful of our previous concern with proton leakage from microspheres a t  high 
ma te r i a l  temperatures (Ref. 1, and Appendix V )  we concentrated our e a r l i e s t  
e f f o r t s  on measuring t h e  charge retained by t h e  p a r t i c l e s  during a s ing le  t r av -  
e r s a l  of t h e  beam. For t h i s  purpose, a t a r g e t  chamber was designed, b u i l t ,  and 
mounted d i r e c t l y  across  from the  in jec t ion  por t ,  on t h e  opposite s ide  of t h e  ion  
beam. Light ly  greased paper t a r g e t s  were employed f o r  co l l ec t ing  t h e  p a r t i c l e s ,  
t h e  t a r g e t s  being examined under a microscope before  and a f t e r  each run. It was 
found t h a t  p a r t i c l e s  passed through t h e  proton beam a t  a l l  beam curren ts  employed 
(up t o  4 m a ) ,  and t h a t  t h e  bucking voltages required f o r  a given proton beam cur- 
r e n t  i n  t h a t  range corresponded t o  ne t  charge accumulations previously ca lcu la ted  
on t h e  b a s i s  of zero charge leakage (Appendix V I 1  and Ref. 1). 
t h a t  leak ing  protons were carrying off  e lec t rons  i n  e s s e n t i a l l y  a one-to-one cor- 
respondence, it cons t i t u t ed  a basic  va l ida t ion  of t h e  a p p l i c a b i l i t y  of high-current 
proton beams f o r  p a r t i c l e  charging. 
Because t h i s  implied 
More d e f i n i t i v e  da ta  on charge re ta ined  was  now sought, s ince  t h e  p a r t i c l e  veloc- 
i t i e s  were only known on t h e  bas i s  of  an experimentally measured lower l i m i t ,  and 
s ince  t h e  p a r t i c l e s  l i e  i n  a s i z e  d i s t r ibu t ion ,  r a t h e r  than a l l  being exac t ly  of 
t h e  same s i z e .  Earlier measurements had ind ica ted  t h a t  t h e  v e l o c i t i e s  acquired 
by t h e  p a r t i c l e s  during t h e  i n j e c t i o n  process were f a r  i n  excess of those t h a t  
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could be obtained from subsequent e l e c t r i c a l  forces  i n  t h e  course of a s ing le  pass  
through t h e  beam. From t h i s ,  it had been concluded t h a t  t h e  v e l o c i t i e s  of t h e  
p a r t i c l e s  could a t  t h i s  t i m e  be t r e a t e d  as  constant ,  independent of s i ze ,  and t h a t  
indeed t h e  ve loc i ty  involved during a s ingle  pass  w a s  e s s e n t i a l l y  due t o  t h e  in-  
j e c t i o n  gas stream, with a l l  p a r t i c l e s  a t t a i n i n g  a s i n g l e  bas i c  asymptotic ve loc i ty .  
(This was found l a t e r  t o  be erroneous).  
de f l ec t ion  system w a s  devised t o  obta in  charge data.  I n  t h i s  type of system t h e  
de f l ec t ion  i s  a c t u a l l y  propor t iona l  t o  the  r a t i o  of charge-to-energy; however, f o r  
i d e n t i c a l  v e l o c i t i e s ,  t h i s  amounts t o  a separa t ion  according t o  charge-to-mass, 
Since t h e  mount  of  charge acquired during a f i r s t  pass  should be, t o  a f i r s t  order  
approximation, propor t iona l  t o  t h e  surface area of t h e  p a r t i c l e ,  we e s s e n t i a l l y  had 
expected t o  f i n d  p a r t i c l e s  of a s i n g l e  s i z e  a t  a given de f l ec t ion  poin t .  Our fa i lure  
t o  observe t h i s  ind ica ted  t h a t  t h e  in j ec t ion  ve loc i ty  i s  not t h e  same f o r  a l l  
p a r t i c l e s .  Strong dependence of p a r t i c l e  ve loc i ty  on p a r t i c l e  s i ze  i s  ind ica ted  i n  
a t h e o r e t i c a l  ca l cu la t ion  presented i n  Appendix V I .  
s a r i l y  d e f i n i t i v e  on an absolu te  bas i s ,  however, because t h e  ca l cu la t iona l  model 
employed i s  g r e a t l y  s impl i f ied  and ideal ized.  
On t h i s  bas i s ,  a simple e l e c t r o s t a t i c  
The ca l cu la t ion  i s  not  neces- 
Our a t t e n t i o n  then turned t o  employment of  a vers ion  of the capac i t ive  de t ec to r  
instrumentat ion out l ined  on page 43 of  R e f .  1. This type of system provides a 
measurement of charge from the a q l i t u d e  of  a vol tage pu l se  induced on a known 
c y l i n d r i c a l  capaci tor ,  and a measurement of  v e l o c i t y  from t h e  durat ion of t h e  
pulse .  The de tec t ion  system c o n s i s t s  o f  a d u r a l  c y l i n d r i c a l  capac i tor  (15 pp f  
t o t a l  capaci tance when connected t o  the  ampl i f i e r  tube) .  
passes  through t h i s  cyl inder ,  image charges appear on t h e  cy l inder  and are de tec ted  
When a charged p a r t i c l e  
e l e c t r o n i c a l l y .  The e l e c t r o n i c  system i s  composed of  a low noise  pre-amp, wi th  a 
ga in  o f  100, mounted adjacent  t o  t h e  detect ion cy l inder ,  and ag osc i l loscope  on 
which t h e  p a r t i c l e  pu lses  are displayed. Cal ibra t ion  of t h e  de t ec to r  i s  obtained 
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by measuring t h e  gain of t h e  pre-amp and t h e  capacitance of t h e  de tec t ion  cyl inder;  
p a r t i c l e  charge i s  then obtained by dividing pulse amplitude by t h e  gain and 
mult iplying by capacitance.  
Since t h e  an t ic ipa ted  detect ion pulse  was of t he  order of 50 microvolts,  ampl i f ie r  
noise  and spurious pickup had t o  be kept t o  a very low l eve l .  I n  t hese  p a r t i c u l a r  
e f f o r t s ,  t h e  noise  problem was aggravated by the  f a c t  t h a t  we were measuring t h e  
charge on slowly moving, lowly charged p a r t i c l e s ,  i n  a system t h a t  requi res  t h a t  
t h e  de t ec to r  "see" t h e  unobscured ion beam so as t o  receive t h e  p a r t i c l e s .  This 
problem would not e x i s t  i n  t h e  detect ion of p a r t i c l e s  emerging from an ac tua l  high- 
vol tage acce le ra to r  system, because the pulse  c h a r a c t e r i s t i c s  of t h e  very f a s t  
p a r t i c l e s  would be of much higher  frequency than t h a t  of t h e  beam noise ,  t h e  
p a r t i c l e  charge (and the re fo re  t h e  pulse he ight )  would be 100 t i m e s  as  high, and 
t h e  beam i t s e l f  would be out of t h e  f i e l d  of view of t h e  de tec tor .  
Detection pulse  r i s e  times and pulse  durations determine t h e  band pass requirements 
of a de t ec to r  and i t s  assoc ia ted  e lec t ronics ;  f o r  our case,  t h i s  band pass had t o  
be from about 50 cps up t o  about 20 kc. In  t h i s  region of t h e  frequency spectrum, 
electromagnetic pickup from e lec t ron ic  equipment and microphonic pickup from sources 
of v ib ra t ion  are p a r t i c u l a r l y  severe fo r  low l e v e l  measurements. 
a t  charge detect ion,  using conventional low noise  audio ampl i f ie rs ,  yielded noise  
s e v e r a l  orders  of magnitude above the  an t i c ipa t ed  de tec t ion  pulse .  By very 
thorough e l e c t r o s t a t i c  shielding,  the use of low microphonic tubes,  and b a t t e r i e s  
f o r  B+ and 6.3 vo l t s ,  as w e l l  as t h e  use of  a very low noise  commercial ampl i f ie r  
(mi l l i vac  VS 68B) f o r  t h e  main amplif ier ,  we f i n a l l y  achieved a noise  l e v e l  one 
order  of magnitude above t h e  expected p a r t i c l e  pulse  amplitude. 
of a low l e v e l  random noise  component and a much l a r g e r  120 cycle  r i p p l e  component. 
I n i t i a l  at tempts 
The noise  cons is ted  
The l a t t e r  was d i r e c t l y  a t t r i b u t a b l e  t o  t h e  ion beam i t s e l f ,  from which it was 
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v i r t u a l l y  impossible t o  geometrically sh ie ld  t h e  de tec tor ,  s ince  the de tec to r  had 
t o  see t h e  beam i n  order  t o  accept pa r t i c l e s .  
per imental  s i t u a t i o n ,  t h a t  i s ,  l o w  l eve l  measurements of low frequency s igna l s  i n  
t h e  v i c i n i t y  of an in tense  ion beam, required more sophis t ica ted  e l ec t ron ic s  t o  
e l imina te  spurious noise  without simultaneously a t t enua t ing  t h e  de tec t ion  s ignal ."  
Consequently, t h i s  p a r t i c u l a r  ex- 
This problem was a t  l e a s t  p a r t l y  solvable i n  p r inc ip l e ,  by using two i d e n t i c a l  
de tec t ion  systems, only one of which receives t h e  charged p a r t i c l e s ,  and subt rac t -  
ing  t h e  two output s igna ls ,  p r i o r  t o  observing t h e  pulses  on an osci l loscope.  
t h i s  way, spurious noise  common t o  both de tec tors  could be balanced out  t o  zero. 
The scheme i s  shown i n  Fig. 2. 
I n  
In  p r a c t i c e  we found t h a t  i n  t h i s  way we could only obta in  a good n u l l  on t h e  120 
cycle  noise  component f o r  i n t e rva l s  on t h e  order  of a minute, which ind ica ted  tha t  
t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  noise  WSLS time-dependent. 
C. Mult iple  Pass Experimentation 
Mult iple  pass experimentation was resuned i n  an attempt t o  a sce r t a in  t h e  p a r t i c l e  
t r a j e c t o r i e s  wi th in  t h e  experimental cnar(;ing chamber, i n  view of previous i n a b i l i t y  
t o  e x t r a c t  e l e c t r i c a l l y  measurable qua rh i t i e s  of p a r t i c l e s  a t  t h e  exit por t .  
s tudy was undertaken t o  revea l  whether the previously assumed azimuthal symmetry 
was present  a t  the"ext rac t ion  port ,"  located 4-1/2 inches below the poin t  of in -  
j e c t i o n  and or ien ted  90° t o  t he  in jec t ion  plane, o r  whether t he  p a r t i c l e s  were 
missing ex t r ac t ion  because they  l a y  i n  a prefer red  plane.  A t  t h e  sane t i m e ,  as 
p a r t  of t h e  diagnost ic  procedure, p a r t i c k  y i e ld  information a t  various a x i a l  d i s -  
t ances  below t h e  poin t  of in j ec t ion  was sought. 
This 
------- 
*In later work (discussed i n  Sections I F  and IVE of t h i s  repor t )  t h e  120 cycle  
noise  was found t o  b e ' p r i n c i p a l l y  due t o  s t r a y  e l ec t ron  currents .  
cu r ren t s  are common t o  beam systems and e a s i l y  bent magnetically,  but  we had 
considered t h a t  our geometry precluded noise  from t h i s  source (erroneously) .  
These 
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The experimental approach was t o  hang t a r g e t s ,  cons i s t ing  of paper coated with a 
t h i n  l aye r  of vacuum grease,  from t h e  i n t e r i o r  sur face  of t he  g r id  s t r u c t u r e  a t  a 
given a x i a l  pos i t ion ,  but a t  severa l  angles (azimuths) a t  once. 
one a x i a l  pos i t i on  a t  a time, t h e  p o s s i b i l i t y  of "upstream" t a r g e t s  per turb ing  
t h e  p a r t i c l e  t r a j e c t o r i e s  sought a t  lower a x i a l  pos i t i ons  was avoided. For a l l  
of these  experimental  runs, an  aux i l i a ry  t a r g e t  was placed d i r e c t l y  across  from 
t h e  i n j e c t o r  on the  charging chamber housing, t o  v e r i f y  t h a t  t he  p a r t i c l e s  were 
being proper ly  repe l led  on the  f irst  pass. Experimental runs of ,  t y p i c a l l y ,  one 
hour each were taken, while beam current,  beam focus, dust  chamber vol tage,  and 
o ther  system parameters were maintained constant .  Exposed t a r g e t s  were c a r e f u l l y  
scanned under a microscope by tak ing  successive longi tudina l  sweeps across  t h e  
t a r g e t  and moving t h e  microscope stage t ransverse ly ,  by an amount equal  t o  t h e  
f i e l d  of view, between each sweep. 
By per turb ing  only 
The experimental r e s u l t s  showed t h a t  the planned azimuthal symmetry was present  
a l m o q t  frnm the S t A r t  nf ch~rg fng , .  ncl;r : s l i g h t  " p l g y i ~ g t i ~ p "  cf n = r + + n l o  r-- ----- t rg -  
j e c t o r i e s  along t h e  i n j e c t i o n  plane was noted. A t  t h e  same time, p a r t i c l e  y i e lds  
diminshed r ap id ly  with d is tance  below in j ec t ion .  
i n j e c t i o n  t h e  y i e l d  w a s  v i r t u a l l y  zero, 
f u r t h e r  down i n  t h e  system showed t y p i c a l l y  1/2 dozen p a r t i c l e s  on a one-inch by 
two-inch t a r g e t ,  a l l  randomly located.  The very randomness of t h e  p a r t i c l e s  i n  t h e  
lower loca t ions  ind ica ted  t h a t  they  were s c a t t e r e d  p a r t i c l e s ,  and not  due t o  
o rde r ly  t r a j e c t o r i e s  through the  ion beam. P a r t i c l e s  i n  comparably low concentra- 
t i o n s  had been previously observed when we f i r s t  attempted t o  obta in  l a rge  numbers 
of charged p a r t i c l e s  a t  the  ex t rac t ion  po r t .  The i r  low y ie ld  had precluded measure- 
ment of t h e i r  charge e l ec t ron ica l ly ,  s ince pickup and spurious noise  inva l ida t e  such 
low " r e p e t i t i o n  r a t e "  measurements. 
p a r t i c l e s  had very small  charge. 
By 1/2 inch below t h e  poin t  of 
P a r t i c l e s  observed on t a r g e t s  placed 
It i s  a l s o  probable t h a t  t hese  sca t t e red  
21 
We concluded from these r e s u l t s  t h a t  the nonuniform e l e c t r i c  f i e l d  surrounding t h e  
g r i d  wires was even more e f f e c t i v e  than our  previous a n a l y t i c a l  s tud ie s  had shown 
i n  s t rong ly  per turbing the p a r t i c l e  t r a j e c t o r i e s .  
diameter was  thus  much l a r g e r  than to l e rab le ,  and could not  be reduced by re- 
The "ef fec t ive"  g r i d  w i r e  
ducing t h e  geometric s i z e  of t h e  w i r e .  These s tud ie s  thus  revealed t h a t  the 
confinement f i e l d s  f o r  mul t ip le  pass operation must be of a more t i g h t l y  focusing 
nature ,  t o  avoid excessive s t r a y  sca t t e r ing  of t h e  p a r t i c l e s  during the  many passes  
required f o r  f u l l  charge accumulation. 
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111. MODIFICATION OF RADIAL C 0 N F I " T  SYSTEM TO PLANE CONFINEMENT SYSTEM 
The s tud ie s  conducted with t h e  h e l i c a l  g r i d  system out l ined  i n  Sect ion I1 of t k i s  
r epor t  showed t h a t  a confinement system based on t h e  ac t ion  of a h e l i c a l l y  wound 
wire g r i d  would lead  t o  even g r e a t e r  s ca t t e r ing  by t h e  e l e c t r i c  f i e l d  i n  t h e  
neighborhood of t h e  g r i d  w i r e  than had been an t ic ipa ted ,  and t h a t  t h i s  s c a t t e r i n g  
over a g rea t  number of passes accumulated t o  an overwhelming degree. 
apparent t h a t  a system should be sought t h a t  would: 
It was 
1) r equ i r e  as l i t t l e  modification of  t h e  o r i g i n a l  ion beam apparatus and t h e  
a s soc ia t ed  charging chamber as poss ib le ,  and, 
2 )  provide t i g h t e r  confinement than t h a t  obtainable  with a g r i d  confinement 
system. 
It was deemed economical i n  t i m e  and money t o  engage i n  a br ief  e f f o r t  i n  which a 
l a r g e  amount of r e l i ance  was s t i l l  placed on t h e  high i n j e c t i o n  r a t e  and t h e  diver-  
s i t y  i n  s i z e  and ve loc i ty  of t h e  in jec ted  p a r t i c l e s ,  but using a confinement system 
t h a t  would provide somewhat t i g h t e r  confinement of t h e  p a r t i c l e s .  
A ho r i zon ta l  s ec t ion  of t h e  rev ised  system t r i e d  i s  shown i n  Fig.  3. The plane 
confinement system re t a ined  t h e  o r ig ina l  charging chamber, but interchanged t h e  
o r i g i n a l  g r i d  confinement s t r u c t u r e  with a new e lec t rode  system t h a t  attempted t o  
focus t h e  p a r t i c l e s  within a plane, r a the r  than allow azimuthal " d r i f t " .  
i n t e r n a l  system w a s  again mounted on the ceramic feed-thrus  shown i n  Fig.  19 of 
Ref. 1. The inner  e lec t rode ,  of roughly rec tangular  c ross  sec t ion ,  was grounded, 
and sh ie lded  t h e  beam centered within it from t h e  inf luence of high vol tage e l e c t r i c  
f i e l d s  beyond it. 
i n j e c t i o n  plane.  Beyond t h e  s l o t  on each s i d e  i s  an e lec t rode  t h a t  cons i s t s  of two 
This new 
The " s l o t s "  on each s i d e  of t h i s  e lec t rode  are al igned on t h e  
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v e r t i c a l  d u r a l  s t r i p s ,  1/8 inch by 3/8 inch i n  c ross  sec t ion ,  w i th  rounded edges 
t o  avoid high vol tage sparking. 
of t h e  charging chamber as  t h e  r epe l l i ng  electrode.  
F ina l ly ,  we used t h e  o r i g i n a l  brass outer  cy l inder  
The r o l e  of  t h e  intermediate  e lec t rode  i s  t o  provide focusing of t h e  p a r t i c l e s  
during t h e i r  t r a j e c t o r i e s  back and f o r t h  through t h e  ion beam, t o  keep them 
o s c i l l a t i n g  i n  t h e  i n j e c t i o n  plane as they f a l l  under  grav i ty .  
w a s  adopted f o r  t h i s  e lec t rode  because t h i s  p o l a r i t y  would not  r e p e l  t h e  p o s i t i v e l y  
charged p a r t i c l e s ,  but would provide focusing. Before t h i s  p a r t i c u l a r  e lec t rode  
geometry was chosen, var ious a l t e r n a t i v e  e lec t rode  schemes were simulated on a 
2 dimensional e l e c t r o l y t i c  p l o t t i n g  board, t o  inves t iga t e  t h e i r  respec t ive  f i e l d  
l i n e  configurat ions.  This design showed good focusing q u a l i t i e s ,  as w e l l  as a 
"stopping vector",  beyond t h e  focusing electrode,  t h a t  would d i r e c t  t h e  p a r t i c l e  
back toward t h e  beam, independent of i t s  depth of pene t ra t ion  i n t o  the "stopping" 
region.  
A negative p o t e n t i a l  
Targets,  cons i s t ing  of vacuum grease-coated glossy paper bonded on g l a s s  microscope 
s l ides ,  were placed through t h e  1/8-inch opening between t h e  focusing e lec t rode  and 
the  grounded i n t e r i o r  e lec t rode .  A t  p a r t i c u l a r  values of focusing vol tage and beam 
curren t ,  runs were taken a t  successively lower pos i t i ons  below t h e  poin t  of i n j ec -  
t i o n ,  and t h e  t a r g e t s  were then  examined under a microscope. P a r t i c l e  y i e lds  were 
found t o  be w e l l  col l imated a t  pos i t ions  corresponding t o  many passes  through t h e  
beam, and then  became more d i f fuse  a t  lower pos i t ions ,  f i n a l l y  vanishing a f t e r  a 
f a l l  of about one inch*. During a l l  these experimental  runs,  a t a r g e t  d i r e c t l y  
ac ross  from t h e  i n j e c t o r  v e r i f i e d  t h a t  t he  p a r t i c l e s  were being repe l led  a f te r  t h e i r  
f i rs t  ion beam t r a v e r s a l .  There was some ind ica t ion  t h a t ,  w i th  lower focusing 
*This "profile" i s  no t  seen on one t a rge t ,  bu t  by observing t h e  y i e l d  on t a r g e t s  
placed a t  ever lower pos i t i ons  down the charging chamber. 
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voltages ,  co l l imat ion  was improved fur ther  "downstream", bu t  by t h i s  t ime t h e  
p a r t i c l e s  were h igh ly  reduced i n  number and s t a t i s t i c s  were poor. 
This r e s u l t  w a s  not su rp r i s ing  i n  view of  t h e  f a c t  t h a t  e l e c t r o s t a t i c  focusing 
depends on t h e  charge t o  k i n e t i c  energy ratio 3f a p a r t i c l e .  
t o  lower pos i t i ons  i n  t h e  charging chamber, they  acquired increas ingly  higher 
charge. Confinement with a f ixed-poten t ia l  l ens  system under t h e s e  condi t ions 
eventua l ly  subjected t h e  p a r t i c l e s  t o  over-focusing. 
A s  p a r t i c l e s  f e l l  
It thus  was demonstrated t h a t  t h e  design p a r t i c l e  y i e l d s  cannot be obtained by 
r e l y i n g  on high input  rate and t h e  d i v e r s i t y  of p a r t i c l e  input  parameters, and 
t h a t  t h e  p a r t i c l e s  must be t i g h t l y  confined during t h e  charging process  i n  an 
e l ec t rode  system i n  which t h e  confining vol tages  are co r re l a t ed  t o  t h e  t i m e -  
dependent charge accumulation of t h e  p a r t i c l e s .  For p a r t i c l e s  f ree  t o  f a l l  under 
grav i ty ,  t h i s  implies  t h e  need f o r  s p a t i a l  modulation of t h e  confining vol tages .  
?'CY ;z.rtin,lec ccns t r8 . i n4  to o s c i l l a t e  i n  a l i n e ,  t h e  need i s  f o r  temporal modula- 
t i o n  of t h e  vol tages .  
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IV.  LINE CONF- PULSED SYSTEM 
A. Concept of Line Confinement 
1. General 
The e f f o r t s  prev ious ly  described were based on t h e  use of r a t h e r  loose confinement 
systems. It had been judged t h a t ,  i n  s p i t e  of t h e  l a r g e  lo s ses  inev i t ab le  i n  such 
systems, a considerable  y i e l d  of su i t ab ly  charged p a r t i c l e s  could be obtained 
through t h e  very high i n j e c t i o n  ra te  of a population of p a r t i c l e s  r a t h e r  d iverse  i n  
mass and i n  i n j e c t i o n  vec tor  ve loc i ty .  Analysis of t h e  charge and s i z e s  of p a r t i -  
c l e s  successfu l ly  ex t r ac t ed  with various per turba t ions  of  t h e  experimental system 
would then  lead  t o  an empir ical  optimization of  t h e  input  parameters. This  approach 
was dropped when it was found t h a t  t h e  systems f a i l e d  t o  e x t r a c t  s u f f i c i e n t l y  
charged p a r t i c l e s  i n  de tec tab le  quan t i t i e s .  O u r  a t t e n t i o n  then w a s  d i r ec t ed  t o  
t h e  development of  a t i g h t e r  confinement system i n  which p a r t i c l e s  would be con- 
s t r a i n e d  t o  o s c i l l a t e  through t h e  ion beam along a l i n e .  This system attempts t o  
charge only one pulsed group of p a r t i c l e s  t o  the requi red  f i e l d  s t r eng th  a t  one 
t i m e ;  t h e y  are then ex t r ac t ed  and a new group of  p a r t i c l e s  i s  introduced i n t o  t h e  
system. 
each new cycle  beginning with t h e  in j ec t ion  of  a new group of p a r t i c l e s  i n t o  t h e  
system. 
des ired.  
The i n j e c t o r  i s  a l t e r n a t e l y  pulsed "on" and "off"  i n  the  course of a cycle ,  
Subsequent p a r t i c l e  ex t rac t ion  i s  t i m e d  according t o  the  amount of charge 
The confinement system, shown i n  Fig. 7 , c o n s i s t s  of  two i d e n t i c a l  e l e c t r o s t a t i c  
focusing systems "viewing" each o ther  through t h e  ion beam. These e lec t rodes  have 
c y l i n d r i c a l  symmetry and are al igned on a common ax i s .  P a r t i c l e s  are r e f l e c t e d  
back toward t h e  beam by t h e  outer ,  cup-shaped, e l ec t rode  and then focused by t h e  
ad jacent  c y l i n d r i c a l  e lec t rode .  The repe l l ing ,  o r  ou ter ,  e lec t rode  must have a 
p o s i t i v e  p o t e n t i a l  su f f i c i en t  t o  r e f l e c t  t h e  p a r t i c l e s ;  t h e  focusing, or inner ,  
e l ec t rode  must have a p o t e n t i a l  adjusted t o  give a good focus through the  beam. 
Because t h e  focusing p o t e n t i a l  must not s top  the  p a r t i c l e s ,  a negative p o t e n t i a l  
I 
I 
f i e l d s ,  subjec t  t o  t h e  proper boundary conditions,  would have required a long-term 
computer program, poss ib ly  extending through t h e  remaining con t r ac t  time. I Therefore, 
whose magnitude i s  ad jus tab le  i s  applied t o  t h i s  e lec t rode .  
l e n s  system can be adjusted by varying t h e  p o t e n t i a l .  
Focal length of t h e  I 
2. Electrode Design Parameters 
The exact  so lu t ion  of charged p a r t i c l e  t r a j e c t o r i e s  wi th in  ( a r b i t r a r y )  e l e c t r o s t a t i c  
i 
but r e l a t i v e l y  quick, a n a l y t i c a l  methods, followed by a subsequent experimental 
va l ida t ion  of t h e  e lec t rode  configurat ion f i n a l l y  adopted. The i n i t i a l  design 
procedure involved an inves t iga t ion  of t h e  f i e l d  equipoten t ia l s ,  a r i s i n g  from 
I 
I various t e n t a t i v e  e lec t rode  configurat ions,  by use of a two dimensional e l e c t r o l y t i c  
I tank. A t y p l c a i  l e n s  (iesign invesiigaieG i r i  h i s  way ia bliGw>i ti; Fig. b. Z i t s  
I 
I 
work revealed the  focusing force  l i n e s  per ta in ing  t o  each geometry, and furnished 
a design incorporat ing minimum dispers ion of t h e  p a r t i c l e s  during t h e i r  ( b a s i c a l l y  
defocusing) r e f l e c t i o n  by t h e  r epe l l i ng  e lec t rode .  A t  t h e  same time, t h e  focusing 
, 
f i e l d ,  between the  focusing e lec t rode  and the  i n t e r i o r ,  grounded, e lec t rode ,  was  
optimized. 
The a x i a l  p o t e n t i a l s  obtained from the  e l e c t r o l y t i c  tank then served as input  f o r  a 
c a l c u l a t i o n  of p a r t i c l e  t r a j e c t o r i e s ,  which was based on an approximation technique 
employing f i n i t e  d i f fe rence  equations (Reference 6, page 412). The r e s u l t s  of t h i s  
c a l c u l a t i o n  showed t h a t  t h e  present  e lectrode conf igura t ion  w i l l  produce focusing, 
wi th  p o s i t i v e  focusing vol tages  more e f f i c i e n t  than  negat ive vol tages .  
*Ref. , page 412. 
Since t h e s e  
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t h e o r e t i c a l  r e s u l t s  a r e  only approximate, and a r e  based on two dimensional p o t e n t i a l  
determinations,  t he  f i n a l  experimental system was designed with s u f f i c i e n t  
v e r s a t i l i t y  t o  modify both e lec t rode  configuration and focusing voltage requirements 
during la ter  experimental runs. 
3. Electrode P o t e n t i a l  Modulation 
E l e c t r o s t a t i c  lenses  a r e  character ized by f o c a l  lengths  t h a t  depend on t h e  vol tages  
appl ied t o  the  l ens  elements, as  we l l  as on t h e  charge-to-kinet ic  energy r a t i o  of 
t h e  p a r t i c l e s  being focused. This dependence i s  given by t h e  ' 'small angle" r ay  
equation f o r  a x i a l l y  symmetric e l e c t r o s t a t i c  f i e lds :*  
where 
z = a x i a l  pos i t i on  i n  l ens  
r = r a d i a l  d i s tance  from ax i s  
= p o t e n t i a l  a t  (r, z )  
q/m = 
vo = 
charge-to-mass r a t i o  of p a r t i c l e  
ve loc i ty  of p a r t i c l e  a t  entrance of l ens  region. 
To maintain constant  focusing proper t ies  during the  charging process, t h i s  equation 
must remain unchanged during t h e  charging h i s t o r y  of t h e  p a r t i c l e .  
p o t e n t i a l  a s  a funct ion of time by a f ac to r ,  
By varying t h e  
a ( t) ,  with 
a(t) = ( cons t . )  -' 
q ( t )  
t h e  focusing p rope r t i e s  of t h e  lens  can be maintained invar ian t  i n  time. 
- - - - - - -  
*See Appendix I f o r  der iva t ion .  
I n  general ,  t h e  p a r t i c l e s  ' entrance veloci ty ,  v o ( t ) ,  continues t o  increase during 
t h e  charging period, because t h e  augmented charge produces successively higher 
acce le ra t ion  from t h e  p o s i t i v e  ion beam t o  t h e  l ens  region. 
given by: * 
This ve loc i ty  i s  
v 2 (t)  = vo 2 +m 2% dt 
0 
where we have defined 
Vo = i n i t i a l  i n j e c t i o n  v e l o c i t y  
q B  
Consequently, t h e  l ens  vol tages  must have a time-dependence given by: 
= p o t e n t i a l  from t h e  edge o f  the  beam t o  t h e  entrance of  t h e  l ens  systems. 
w i t h  CieTiiiEG ss t k e  chprg? ncquired by t h e  p a r t i c l e  a f te r  being i n  t h e  system 
f o r  a t i m e ,  t. The second term of  t h e  numerator i n  t h i s  expression i s  i n i t i a l l y  
very  small compared wi th  uni ty ,  and the  l ens  p o t e n t i a l s  vary inverse ly  wi th  t h e  
charge during t h i s  i n i t i a l  phase. 
Equation ( 2 3 )  of  R e f .  1 der ives  the  equation r e l a t i n g  p a r t i c l e  charge as a func t ion  
of  t i m e  spent  i n  the  ion beam: 
q( t )  = 4 m  R V (1 - e-ot) 
O P B  
where 
= 1. U X ~ O - ~ O  f / m  0 4 r t  
R = rad ius  of p a r t i c l e  being charged 
P 
- - - - - - -  
*See Appendix I. 
= ion beam acce lera t ion  vol tage % 
o = charging r a t e .  
The present  experimental  system, however, requi res  t h a t  t h e  p a r t i c l e  spend a l a rge  
amount of i t s  t i m e  ou ts ide  t h e  beam during i t s  r e f l e c t i o n  and focusing by t h e  l ens  
systems. 
t h e  above equation i s  v a l i d  if we modify o t o  include t h e  time spent  ou ts ide  t h e  
beam; t h i s  i s  done i n  Appendix I, where we def ine t h e  new charging r a t e  as 0'. 
low values  of accumulation, t h e  charge i s  given by: 
Assuming t h a t  t h e  charging i s  continuous ( r a t h e r  than i n  d i s c r e t e  "s teps") ,  
A t  
I 4 ~ 1 ~  R V o' t = ( c o n s t . )  t , O'  t << 1 . O p R  
This means t h a t  t h e  i n i t i a l  charge acqu i s i t i on  i s  l i n e a r ,  and t h a t  t h e  l ens  vo l t -  
ages must i n i t i a l l y  be modulated i n  t i m e  by t h e  funct ion:  
(const .  ) 
a ( t j  = 
Since charge acqu i s i t i on  f i n a l l y  "saturates" a t  a value of 
Q(t + 00) = 4T16 R V O P B '  
t h e  l e n s  p o t e n t i a l s  w i l l  f i n a l l y  reach a s t a t i o n a r y  value.  
i n f i n i t y  t o  a ( t )  a t  t h e  start of charging i s  ca lcu la ted  i n  Appendix I, and has 
t h e  value: 
The r a t i o  of a ( t )  a t  
a(t + 00) 
a(t  = 0) 
- 
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where 
= p o t e n t i a l  from beam t o  l ens  
= 
= charge acquired a f te r  f i r s t  t r a v e r s a l  of ion beam. 
9 B  
stopping p o t e n t i a l  a f t e r  the f i r s t  pass through t h e  ion beam 
9 s  
90 
For t y p i c a l  values used i n  t h e  experimental system t h i s  r a t i o  i s  about l p e r c e n t .  
Thus, t h e  present  experimental  system, which i s  aimed a t  focused confinement of 
charged p a r t i c l e s  during charge accumulation, requi res  a decrease i n  lens  vol tages  
during charging i n  accordance with t h e  theory of Appendix 
waveforms have been ca lcu la ted  as hyperbolas asymptotic t o  t h e  f i n a l  "saturat ion" 
voltage; t y p i c a l  decay times of about 1.0 second are ca lcu la ted  f o r  t h e  experi-  
mental system. Although t h i s  system has t h e  disadvantage of  requi r ing  complicated 
e l ec t rode  vol tage modulation, it should provide much b e t t e r  confinement than could 
be obtained wi th  t h e  previous constant  vol tage systems. I n  p r inc ip l e ,  t h e  amount 
of charge acquired can be r a i s e d  t o  the t h e o r e t i c a l  l i m i t ,  by increas ing  t h e  
charging t i m e ;  a l t e rna t ive ly ,  lower ion beam cur ren t s  can be used with iiiis s y s t t . ~ ~  
when t h i s  i s  des i r ab le  f o r  some reason, again by increas ing  t h e  charging t i m e  
correspondingly.  I n  prac t ice ,  one would expect t h e  charging t i m e  t o  have some 
optimum value, s ince  increased charging time implies a g r e a t e r  number of t r a v e r s a l s  
through t h e  l ens  geometry and a lower su rv iva l  p r o b a b i l i t y  f o r  t h e  p a r t i c l e s .  
I. The l e n s  vol tage 
B. The Mechanical System 
1. General 
The o v e r - a l l  ion beam apparatus,  as described i n  R e f .  1 and a l s o  i n  Section I1 of  
t h i s  r epor t ,  i s  r e t a ined  i n  t h e  pulsed charging system. On t h e  o ther  hand, t h e  
o r i g i n a l  charging chamber i s  replaced by t h e  more compact pulsed charging apparatus  
shown i n  Fig.  5; t h e  ove r -a l l  experimental conf igura t ion  i s  shown i n  Fig,  6. It 
should be noted t h a t  t h e  a c t u a l  charging region i s  now q u i t e  s m a l l ,  and a f u r t h e r  
reduct ion  i n  s i z e  i s  p r a c t i c a l  f o r  subsequent systems based on t h i s  technique. 
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The p a r t i c l e  charging system cons i s t s  of t h r e e  major regions: t h e  i n j e c t i o n  re- 
gion, t h e  charging region, and t h e  detect ion region. The operat ion of t h e  i n j e c t o r  
I 
has been described i n  Sect ion 11. The second region, where p a r t i c l e  confinement 
and charging takes place,  cons i s t s  of  two i d e n t i c a l  e l e c t r o s t a t i c  l e n s  systems, one 
I 
on each s i d e  of t h e  beam, t h a t  r e f l e c t  and focus the  p a r t i c l e s  back and f o r t h  
through t h e  ion beam. Electrode voltages a r e  brought i n  t o  t h e  e lec t rodes  by way 
of  i n s u l a t i n g  "feed-thrus" mounted on the vacuum w a l l  of t h e  charging chamber. 
Immediately below t h e  l ens  systems i s  a faraday cup t o  m.onitor t h e  ion beam curren t .  
The de tec t ion  region cons i s t s  of an e l e c t r o s t a t i c a l l y  shielded de tec t ion  cyl inder ,  
a l igned on t h e  t r a j e c t o r y  axis but  outs ide t h e  charging region, and a pre-amp 
which ampl i f ies  t h e  de tec t ion  pulses  f o r  t h e i r  eventual  observat ion on an o s c i l -  
loscope. BNC connectors on t h e  detector  housing supply power t o  t h e  pre-amp, and 
I br ing  out  t h e  de tec t ion  pulses .  In  the following treatment,  t h e  mechanical aspec ts  
I 
of t h e  charging system and of  t h e  de tec t ion  system, w i l l  be discussed. 
2. The Charging Chamber 
The charging chamber used f o r  t h e  pulsed charging technique i s  a small, compact 
assembly t h a t  i s  accura te ly  machined and al igned.  The assoc ia ted  machine drawings 
a r e  included i n  Appendix I11 and a f u l l  s ized  sketch of t h e  system i s  shown i n  
Fig.  7. The r e f l e c t i n g  and focusing e lec t rodes  are machined i n  du ra l  and a l l  cor- 
ne r s  a r e  w e l l  rounded t o  avoid high voltage sparking during operat ion.  Both re- 
f l e c t i n g  (or "repe l l ing")  e lec t rodes  have 1/16-inch holes  a t  t h e i r  cen ters ;  t h e  
hole  i n  one e l ec t rode  passes  in j ec t ed  n e u t r a l  p a r t i c l e s  i n t o  t h e  charging region, 
while  t h e  hole  i n  t h e  opposi te  e lectrode passes ex t rac ted  charged p a r t i c l e s  from 
t h e  charging chamber. 
chined nylon cy l inders ,  whose impedance i s  s u f f i c i e n t l y  l a r g e  t o  avoid e l e c t r i c a l  
coupl ing of t h e  high-voltage electrodes t o  each other ,  o r  t o  ground. These nylon 
The r e p e l l i n g  and focusing e lec t rodes  are al igned on ma- 
! I 
I 
\ I 
Focusing Electrode 
Repelling Electrode 
Fig. 7 Charging Assembly 
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i n s u l a t o r s  are ,  i n  tu rn ,  p r e s s - f i t t e d  i n t o  grounded coax ia l  cy l inders  of dura l .  
The coax ia l  alignment of t hese  e l e c t r o s t a t i c  lenses  focuses charged p a r t i c l e s  
along t h e  common ax i s  of  symmetry. 
The housing f o r  these  two lenses  i s  machined from a 2-inch brass "T". 
of t h e  T rece ive  t h e  l ens  elements described above, and t h e  ion beam i s  focused 
down t h e  v e r t i c a l  p a r t  of t h e  T. The v e r t i c a l  p a r t  of t h e  T a l s o  has a brass  d i sk  
s i lver -so ldered  t o  it for i n s t a l l i n g  the charging chamber on t h e  ion beam appara- 
t u s .  A faraday cup, cons is t ing  of l-1/2-inch copper tub ing  s i lver -so ldered  t o  a 
b ra s s  disk,  i s  loca ted  below t h e  arms of t h e  T. The faraday cup i s  water cooled 
through a s ing le  tu rn  of l /b- inch copper tubing sof t -soldered t o  t h e  bottom of  t h e  
b ra s s  disk.  In su la t ion  from ground i s  assured by t h e  use of a nylon spacer and 
nylon b o l t s  t o  mount t h e  faraday cup on t h e  charging chamber. 
caps, wi th  O-rings, vacuum seal t h e  charging chamber, and provide mounting sur faces  
f o r  t h e  i n j e c t o r  and de tec to r  assemblies, respec t ive ly .  These end caps, l i k e  t h e  
r e p e l l i n g  e iec t ro6es ,  have i l U l c b  at t h e i r  c c z t c ~ ;  tc zlk:: t h e  ~ Q C C E U -  =...---. u- gf p r t i r l e s  
during t h e  i n j e c t i o n  and ex t r ac t ion  processes.  
The "arms" 
F ina l ly ,  du ra l  end 
3. The Detector  
Detect ion of charged p a r t i c l e s  by t h e  induction of image charge on a c y l i n d r i c a l  
capac i to r  has been described i n  Ref. 1, and t h i s  discussion i s  l imi t ed  t o  t h e  ex- 
per imenta l  implementation of t h i s  de tec t ion  technique. 
system i s  mounted a t  t h e  ex t r ac t ion  end of t h e  charging system, and i s  coax ia l ly  
a l igned  wi th  t h e  l ens  system i n  t h i s  chamber. Figure 8 shows t h e  d e t a i l s  of t h e  
present  de t ec t ion  system, where t h e  a c t u a l  phys ica l  de t ec to r  i s  a 1-inch-long, 
1/b- inch-inside diameter, b rass  cyl inder .  
a d u r a l  s h i e l d  on nylon spacers ,  and t h i s  " c y l i n d r i c a l  capaci tor ' '  i s  then bonded 
wi th  epoxy t o  a nylon disk.  
The experimental  de t ec t ion  
The de tec t ion  cy l inder  i s  placed i n s i d e  
E l e c t r i c a l  connection wi th  t h e  de t ec to r  i s  maintained 
+300 VDC (BNC Connector) 
Circuit Region 
To Scope (Shielded Cable) 
Nylon Insulators 
Charging Section 
Fig. 8 Detection Assembly 
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through a s o l i d  copper w i r e  passing through a hole i n  t h e  sh i e ld ,  which i s  vacuum 
sea led  wi th  epoxy. F ina l ly ,  a removable back cover on t h e  sh i e ld  serves  as  a 
t a r g e t  t o  c o l l e c t  p a r t i c l e s  t h a t  have passed through t h e  de tec tor ;  t h i s  provides 
a check on t h e  alignment of t h e  detect ion cy l inder .  
The de tec to r  u n i t  i s  held aga ins t  t h e  end cap of t h e  charging chamber by a brass  
' 'ring" t h a t  a l s o  centers  t h e  u n i t  on the ax i s  of t h e  charging system. A 2-inch- 
i n s i d e  diameter brass  cy l inder  i s  s i lver-soldered t o  t h e  r i n g  and a disk,  pressed 
i n t o  t h i s  cyl inder ,  holds the  6 ~ ~ 7  tube socket.  
amp i s  shown l a t e r  i n  Fig.  17, and i s  wired d i r e c t l y  onto t h e  p ins  of t h e  tube 
socket,  thus  minimizing t h e  capac i ty  of t h e  lead  from t h e  de t ec to r  t o  t h e  input  
g r i d  of t h e  6m7. 
f i lament  vol tage t o  t h e  pre-amp. 
avoid t h e  r i p p l e  normally assoc ia ted  with r e c t i f i e d  power suppl ies .  
s t age  of  t h e  ampl i f ie r  feeds a coax ia l  cable  connected t o  a "545" osc i l loscope  
wi th  a type  "D" plug-in u n i t .  
of  1 mv/cm and can be synchronized only t o  sweep when p a r t i c l e s  are ex t rac ted  from 
t h e  systerh. 
p a r t i c l e  charge de tec t ion  s e n s i t i v i t y  i s  feasible. 
The schematic diagram of t h e  pre- 
+ Coaxial  cab les  supply t h e  300 v o l t  B vo l tage  and t h e  6.3 v o l t  
Both vol tages  a r e  der ived from b a t t e r i e s  t o  
The output 
. . .  This osci l loscope comPlnation pruvideb a SeiYSItI-vYtY 
I n  t h i s  way, no ise  pickup i s  g r e a t l y  reduced and the re fo re  higher  
C. E l e c t r i c a l  System 
1. General 
The b a s i c  e l ec t ron ic s  problem w a s  t o  generate a r e p e t i t i v e  se t  of t h e  requi red  
waveforms, amplify them t o  k i l o v o l t  s ignals ,  and then  t o  v e r i f y  t h e  f i n a l  s igna l s  
on an osci l loscope.  
running mul t iv ib ra to r  w i th  an adjustable  per iod of 1 t o  4 seconds; t h e  "timing" 
s i g n a l  t hus  generated f i res  a Schmitt t r i g g e r  c i r c u i t  t o  produce a 200-msec - 
dura t ion ,  2 5 - ~ 0 l t ,  rec tangular  "gate" pulse .  
The bas i c  o s c i l l a t o r  designed for t h i s  purpose i s  a free- 
This ga t e  pulse ,  of 1 t o  4 second 
" r e p e t i t i o n  per iod ,"  provides t h e  bas ic  s i g n a l  f o r  subsequent pu lse  shaping, and 
a l s o  def ines  t h e  s teady s ta te  "ontt period of t h e  p a r t i c l e  i n j e c t o r .  
A t  t h e  same t i m e ,  t h e  completion of t h e  b a s i c  pulse  f i r e s  seve ra l  Schmitt t r i g g e r  
c i r c u i t s  i n  s e r i e s  t o  produce a f i n a l  ( p a r t i c l e  ex t r ac t ion )  pulse  of 10 msec i n  
durat ion.  I n  t h i s  way, a rec tangular  ex t rac t ion  pulse  i s  obtained t h a t  can be 
delayed from t h e  i n i t i a l  i n j e c t i o n  pulse by a t i m e  per iod of from l m s e c  t o  1 
second. 
of t h e  confinement system are caused t o  begin t h e i r  hyperbolic decay. 
r e l a t ionsh ips  of t h e  pulses  are shown i n  Fig.  9. Final ly ,  6BK4 t r i o d e s  amplify 
t h e s e  s i g n a l s  t o  k i l o v o l t  magnitudes. 
t r o n i c  system i s  shown i n  Fig. 10. 
A t  t h e  terminat ion of t h e  200 msec i n j e c t i o n  pulse  t h e  e lec t rode  vol tages  
Timing 
A schematic diagram of t h e  o v e r - a l l  e lec-  
t 
2. Waveform Generation 
A s  shown i n  t h e  c i r c u i t s  i n  Figs. 11 and 12, waveform generat ion i s  i n i t i a t e d  by 
a free-running mul t iv ibra tor .  
from 1 second t o  4 seconds, while  t h e  neon l i g h t  f lashes  once each cycle  f o r  a 
v i s u a l  check on r e p e t i t i o n  r a t e ,  Following t h i s  s t age  i s  a Schmitt t r i g g e r ,  o r  
cathode coupled gate ,  c i r c u i t  t h a t  i s  t r iggered  by each negat ive pulse  feeding 
through t h e  100 pclf coupling capac i tor ,  Pulse  width from t h i s  c i r c u i t  i s  de te r -  
mined p r imar i ly  by t h e  2.2 meg r e s i s t o r  i n  series with t h e  . 2 5 p f  "feedback" 
capac i tor ;  t h i s  t ime constant  determines how soon, a f te r  being "turned o f f "  by 
t h e  incoming negat ive pulse ,  t h e  f i rs t  tube  of t h e  Schmitt t r i g g e r  c i r c u i t  draws 
cu r ren t  again,  t e rmina t ing  t h e  pulse .  The rec tangular  ga t e  pulse  i s  coupled out 
through a m465 diode t o  a r e s i s t a n c e  divider ,  which prevents  ttundershoottt nor- 
mal ly  a s soc ia t ed  with t h i s  type  of c i r c u i t .  
The 25OK potentiometer e s t a b l i s h e s  r e p e t i t i o n  per iod 
The f i r s t  ha l f  of t h e  l2ATl.7, which receives  t h e  200 msec ga te  pulse ,  i s  a cathode 
fo l lower  whose output  i s  shaped by a diode pu l se  shaping network. It operates  i n  
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Fig. 10 Block Diagram of Electronics 
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t h e  following manner. A s  t h e  pulse  r i s e s  and remains a t  i t s  maximum, t h e  lower 
IN645 diode provides a low-resistance path f o r  charging t h e  . 5 6 P  f capac i tor ,  
When t h e  cathode p o t e n t i a l  r e tu rns  t o  i t s  quiescent  l eve l ,  t h e  capac i tor  i s  con- 
s t r a ined  t o  discharge through t h e  20 U645 diodes and t h e  l m e g  pot ;  but  as t h e  
vol tage i s  decreased, t h e  nonlinear c h a r a c t e r i s t i c s  of t h e  diodes increase  t h e  
discharge r e s i s t ance .  The r e s u l t a n t  wave shape followed, with 20 diodes i n  series, 
. 
i s  very c lose  t o  a hyperbola i n  t i m e .  Figure 13 shows t h e  e f f e c t  of varying the  
number of  diodes. 
The second ha l f  of t h e  EAT7 has a p l a t e  and a cathode r e s i s t o r  of 10K, which 
y i e lds  a p l a t e  and cathode gain of:  
Consequently, t h e  p l a t e  and cathode s igna ls  are equal  bu t  out of phase; tube non- 
l i n e a r i t i e s  are a l s o  reduced because of t h e  l a r g e  amount of feedback. This s t age  
feeds two cathode fol lowers  t h a t  have provis ion  f o r  ad jus t ing  t h e  de l e v e l  of t h e  
output  pulses .  
F i n a l l y ,  t o  produce a delayed pulse ,  two Schmitt t r i g g e r  c i r c u i t s  are placed i n  ser ies  
wi th  the  i n i t i a l  t r i g g e r  c i r c u i t .  Each c i r c u i t  i s  actuated by t h e  negat ive pulse  
produced by t h e  preceding ( p o s i t i v e )  g a t e  s i g n a l  going t o  zero. The intermediate  
t r i g g e r  c i r c u i t  has  a va r i ab le  pulse  durat ion;  f i n e  adjustment i s  by means of t h e  
5 megohm potent iometer  and coarse adjustment i s  by means of switching i n  d i f f e r e n t  
capac i tors .  The f i n a l  10 msec pulse  i s  f e d  out through a cathode fol lower t h a t  
46 
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has a diode t o  couple t h e  s i g n a l  i n t o  the r e p e l l i n g  e lec t rode  waveform. This 
means t h a t  both r epe l l i ng  e lec t rodes  w i l l  r ece ive  t h e  ex t rac t ion  s igna l .  Conse- 
quently, only those p a r t i c l e s  t h a t  are heading toward t h e  de tec tor ,  during extrac-  
t i o n  w i l l  be detected and, on the  average, one ha l f  of t he  charged p a r t i c l e s  w i l l  
be l o s t .  
3. High Voltage Amplification 
The waveforms generated by t h e  c i r c u i t  described i n  Section IV.C2 a r e  of low 
voltage,  t y p i c a l l y  only 20 v o l t s  high. Unfortunately,  t h e  experimental system 
requi res  s i g n a l  magnitudes i n  the  k i lovo l t  domain, and we have found t h a t  t h e  high 
vol tage t r iode ,  6 ~ ~ 4 ,  i s  convenient f o r  such high vol tage amplif icat ion.  This 
tube has an ampl i f ica t ion  f a c t o r  of 2,000, a vol tage r a t i n g  of 25kv, and a maximum 
p l a t e  d i s s ipa t ion  of 25 wat t s .  Transient response i s  determined by t h e  output 
capacitance ( tube and wir ing)  i n  p a r a l l e l  with t h e  load r e s i s t ance  used; a load 
r e s i s t o r  of 20 meg i s  typ ica l ,  while tube plus  wir ing capacitance i s  l e s s  than  
l O p p f ,  thus:  
This r ise time i s  adequately fas t  f o r  our purposes, but  f a s t e r  r ise  times are pos- 
s i b l e  with smaller load r e s i s t o r s  a n d  using tubes i n  s e r i e s  f o r  t h e  proper o v e r - a l l  
gain. 
Caution must be exercised t o  keep the  grid-to-cathode vol tage negat ive f o r  a l l  
input  s i g n a l  excursions,  and t h i s  i s  why t h e  waveforms described i n  Section IV.C2 
are e i t h e r  adjusted negat ive with b a t t e r i e s ,  or "clamped" negat ive with diodes. 
Fig. 10 
A 
B supp l i e s  for t hese  tubes are indiv idua l  P l a s t i c  Capacitor Co. dc power suppl ies  
*27 shows a block diagram of the experimental  system, i n  which t h e  A1, 
are 6BK4 tube c i r c u i t s ,  whose gr ids  rece ive  t h e  l o w  vol tage waveforms. The 3 
+ 
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(20 kv max @ 5 ma. ,  1 percent r i p p l e )  adjusted by 110 VAC var iacs .  
are used t o  ad jus t  t h e  quiescent  de l e v e l  of t h e  f i n a l  outputs,  as shown i n  
B- suppl ies  
I 
Figs.  1 4  and 15, which give t h e  d e t a i l s  o f  the  H.V. c i r c u i t .  The output 
I cathode fol lowers  a re  used t o  achieve the proper de l e v e l  and t o  provide r e l a t i v e l y  
very low (4.5k Q) output impedance i n  the event t h a t  any cur ren t  i s  drawn on t h e  
e lec t rode .  
impedance of 
tubes using t h e  same B supply. Fig. 16 shows the  p l a t e  curves f o r  a 6KB4, 
1 
I Indiv idua l  B -t suppl ies  a r e  needed because, with a power supply output 
I -1 meg, one tube drawing current  would drop t h e  Bi on t h e  o ther  
+ 
along with a 10 rneg "load l i n e .  
Because of t h e  high vol tage hazard i n  the v i c i n i t y  of t h i s  c i r c u i t ,  t h e  chass i s  
( inc luding  B , B-, and tube c i r c u i t s )  was enclosed i n  a l u c i t e  box w i t h  feed-thrus  + 
f o r  t h e  output vol tages .  X-rays must a lso be shielded, with proper placement of 
s t e e l  shee ts  (as indica ted  by a "survey"). The va r i acs  were placed ex te rna l ly  for 
ease of ad jus t ing  t h e  de vol tages .  
4. Detector Elec t ronics  
The charge de tec tor  i s  composed of a 1-inch-long, l /h- inch-inside diameter, brass 
cy l inder  which i s  e l e c t r o s t a t i c a l l y  shielded by an outer  d u r a l  cyl inder .  
capaci tance of t h i s  system, including t h e  assoc ia ted  g r i d  capacitance of t h e  pre- 
amp input  i s  about l O p p  f. A charged p a r t i c l e  passing through t h i s  de tec t ion  
The 
cy l inde r  w i l l  induce an image charge on t h e  cyl inder ,  charging t h e  cyl inder-  
s h i e l d  capaci tance t o  a vol tage given by charge divided by de tec to r  capacitance.  
The func t ion  of t he  pre-amp i s  t o  provide a very high input  impedance t o  t h i s  
capaci tance and t o  i s o l a t e  t h e  de tec tor  from t h e  remotely located post-amplif ier .  
The pre-amp employs a low noise ,  low microphonic, 6 ~ ~ 7  t r i o d e  i n  a de coupled 
cathode follower.  
This  de r iva t ion  y i e l d s  an input  impedance of 1,030 Meg f o r  t h e  system c i r c u i t  
The input  impedance of such a s tage  is  derived i n  Appendix 11. 
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parameters of Fig. 17. Consequently, t h e  de t ec to r  t i m e  constant  i s  10 p p f  times 
1,030 Meg, or 10 msec; s ince  pulses  of about 1 msec are an t ic ipa ted ,  t h i s  low 
frequency response i s  adequate t o  measure de t ec to r  pu lse  he ight .  
It was found necessary t o  ground t h e  t r i o d e  p l a t e s  and t o  supply a B- vol tage  f o r  
t h e  cathode c i r c u i t s .  
which w i l l  avoid r epe l l i ng  t h e  pos i t i ve ly  charged p a r t i c l e s  as they  a r r i v e  a t  t h e  
de t ec to r  cyl inder .  
This provides a negative dc l e v e l  a t  t h e  de tec t ion  cyl inder ,  
D. The Modified I n j e c t o r  
Experimental work conducted wi th  the i n j e c t o r  ou t l ined  i n  Sect ion IIA 
r e p o r t  proved t h a t  t h e  bas i c  concept of i n j e c t i o n  by en t r a in ing  p a r t i c l e s  i n  an 
a i r  s t ream flawing through a small tube i s  feasible, With t h e  development of a 
pulsed system, however, it was f e l t  t h a t  bet ter  col l imat ion and higher  feed rates 
would be h igh ly  des i rab le ,  and perhaps mandatory, e s p e c i a l l y  during i n i t i a l  op- 
t imiza t ion  s tudies .  The reason f o r  t h i s  i s  t h a t  the system requi res  relalively- 
good alignment wi th  respec t  t o  t h e  focusing d i r ec t ion  of t h e  lenses ,  and t h a t  
t h e  i n j e c t o r  must f i r e  i t s  p a r t i c l e s  i n  during t h e  200 msec t i m e  per iod  when it i s  
of t h i s  
1 1  11 on. With t h i s  i n  mind, we inves t iga ted  t h e  p a t t e r n  of  p a r t i c l e  t r a j e c t o r i e s  
w i th in  t h e  d i f f e r e n t i a l l y  pumped chamber ( see  Fig. 1) before t h e  co l l imat ing  aper- 
t u r e ;  we found t h a t  t h e  p a r t i c l e s  a r e  "sprayed" out i n t o  t h i s  region i n  a cone of 
about 40" ( f u l l  angle)  and t h a t  t h i s  angle i s  very s e n s i t i v e  t o  t h e  gas pressure  
i n  t h e  dus t  chamber. Low pressures  tended t o  reduce t h e  cone angle, while  higher  
pressures  caused t h e  cone angle t o  "blow up." These e f f e c t s  can be a t t r i b u t e d  t o  
t h e  formation of a shock wave as t h e  gas emerges from t h e  tube i n t o  t h e  low pres-  
sure ( 6 0 ~ )  region. Since we can benef i t  only from those p a r t i c l e s  t h a t  e n t e r  t h e  
charging chamber wi th in  a cone of  about lo, a l a r g e  cone angle  i n  f r o n t  of t h e  
co l l ima t ing  ape r tu re  implies  a low y ie ld  i n  p a r t i c l e s  t h a t  can be s u i t a b l y  
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in jec ted .  
t h e  t o t a l  number of p a r t i c l e s  flowing from t h e  dust chamber through t h e  tube 
diminished t o  such an ex ten t  t h a t  t h e  e f f ec t ive  i n j e c t i o n  r a t e  decreased a l so .  
It was  apparent t h a t  a new i n j e c t o r  design w a s  needed, i f  higher f e e d  r a t e s  were 
t o  be made ava i lab le  f o r  t h e  pulsed charging l i n e  confinement technique. 
Unfortunately, as we went t o  lower pressures  t o  reduce t h e  cone angle, 
Considerations motivating t h e  design of the modified i n j e c t o r  are as follows; 
To maintain a high p a r t i c l e  input i n t o  the c a p i l l a r y  from the  dust chamber, t h e  
dust chamber gas dens i ty  must be r e l a t i v e l y  high, t h e  pressure  required being of 
t h e  order  of one atmosphere. 
t h e  c a p i l l a r y  leads t o  a smaller  cone angle and therefore ,  a higher  densi ty  of 
On t h e  other hand, a lower pressure  gradient  across  
p a r t i c l e s  i n  t h e  1' acceptance cone. 
phere was found t o  y i e ld  a cone angle  of only seve ra l  degrees; bu t  i f  t he  d i f -  
f e r e n t i a l l y  pumped chamber had a pressure of 1/2 an atmosphere, t h e  a i r  leakage 
iz tc  %he m-perimental system's vacuum would be in to l e rab le .  This lead t o  t h e  con- 
cept  of using seve ra l  d i f f e r e n t i a l l y  pumped chambers i n  s e r i e s ,  each chamber having 
i t s  own roughing pump, 
A p ressure  grad ien t  of about 1/2 an atmos- 
The experimental i n j e c t o r  designed t o  test t h i s  concept i s  shown i n  Fig,  18. 
o r i g i n a l  dust chamber and 2-inch-long c a p i l l a r y  i s  re ta ined ,  but  t h e  c a p i l l a r y  
e x i t s  i n t o  a chamber whose pressure  i s  ad jus ted  by a needle valve.  The needle 
The 
,valve i s  supplied wi th  dr ied  a i r  a t  one atmosphere. As  t h e  p a r t i c l e s  leave the 
c a p i l l a r y ,  they  t r a v e l  about 1/32-inch through t h i s  chamber and then pass through 
a 0.010-inch hole i n t o  a second region t h a t  has a pressure  of about 1,000 microns. 
A t  t h i s  pressure,  t h e  drag on t h e  p a r t i c l e s  i s  small, and no appreciable  decrease 
i n  v e l o c i t y  should t ake  p lace  i n  t h i s  chamber before  they  en te r ,  again through 
a 0.010-inch hole, t h e  t h i r d  chamber, where pressure is  about 601.1. 
t u r e  
g ree  cone angle, and r e s t r i c t s  t h e  gas leakage i n t o  t h e  main vacuum system. 
A f i n a l  aper- 
of 1/32-inch diameter coll imates t h e  p a r t i c l e  stream t o  less than ha l f  a de- 
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First  Differentially 
Pumped Chamber 
Second Pumped Chamber Needle Valve I 
A i r  
Roughing Pump #1 Roughing Pump #2 
(5 cfm) (5 cfm) 
Fig. 18 Modified Injector Assembly 
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Our research showed tha t  feed r a t e s  several  orders  of magnitude higher than those 
a t t a i n a b l e  w i t h  the  o r i g i n a l  i n j e c t o r  design are achieved with t h i s  design, pro- 
vided care  i s  taken t o  ad jus t  t h e  needle valve described above. From a t h e o r e t i c a l  
po in t  of view, the funct ioning of t h i s  adjustment may l i e  i n  i t s  e f f e c t  on the  
detai ls  of shock wave formation i n  t h e  v i c i n i t y  of the f irst  .OlO-inch aper ture .  
Since it should be expected that t h e  p a r t i c l e s '  a cce l e ra t ion  takes p lace  mainly i n  
t h e  cap i l l a ry ,  we f e l t  t ha t  p a r t i c l e  ve loc i t i e s  obtained w i t h  t h i s  i n j e c t o r  would 
be c lose  t o  those  obtained w i t h  t h e  o r ig ina l  i n j ec to r .  
found that  t h e  v e l o c i t i e s  obtained were a t  l e a s t  twice as high as those obtained 
previously.  With t h e  old i n j e c t o r  we had found that a bucking p o t e n t i a l  of 2 kv 
w a s  adequate f o r  stopping p a r t i c l e s  a f t e r  a s ing le  pass through a 1 m a  proton 
beam. 
proton beam. 
the  t h i r d  power of the i n j e c t i o n  ve loc i ty  (second power due t o  k i n e t i c  energy and 
i ' iist ------- p u w c s  
cur ren t .  
Actual ly  it was l a t e r  
With the new in j ec to r ,  vol tages  of a t  least 6 kv were required w i t h  a 3 ma 
The stopping p o t e n t i a l  f o r  f irst  pass operat ion i s  propor t iona l  t o  
UuL 2 . 3 , .  + A  ~--------~i UIavL-iuul +imel - . -, and i nve r se lv  Droportional t o  t h e  beam 
Within the  c a p a b i l i t i e s  of our ' ex is t ing  pumping system we were unable t o  maintain 
t h i s  bucking operat ion r e l i a b l y  because of concomitant i n t e rmi t t en t  e l e c t r i c a l  
discharge of t h e  e lec t rodes  through the ambient p a r t i a l l y  ionized gaseous environ- 
ment. A t  the  same time we a r e  not able t o  operate  r e l i a b l y  f o r  long per iods of 
t i m e  a t  proton beam curren ts  i n  excess of 3 ma. Since our containment system 
requ i r e s  t h a t  t h e  p a r t i c l e  be stopped and turned back a t  the end of each pass,  t h e  
use  of t h i s  i n j e c t o r  was deferred, and t h e  o ld  i n j e c t o r  was f i t t e d  t o  the pulsed 
l i n e  confinement charging system. 
E. Experimental Procedure 
The present  l i n e  
t i o n s  of i n j ec t ion ,  charging, extract ion,  and f i n a l  charge detect ion.  This neces- 
s a r i l y  involves a g rea t  amount of experimental l'tuning" of t h e  system. Precautions 
common t o  t h i s  and previous confinement and charging systems t h a t  we have inves- 
t i g a t e d  include p a r t i c l e  t reatment  and ion beam control .  
confinement system requires  exact phasing between t h e  opera- 
P a r t i c l e  treatment,  p r i o r  
t o  "charging" t h e  dust chamber, i s  discussed i n  Sect ion I1 of t h i s  report ,  and t h e  
operat ion of t h e  bas i c  ion beam apparatus i s  discussed i n  Ref. 1. Ion beam diame- 
ter ,  along with t h e  alignment of t h e  ion beam with t h e  a x i s  of t h e  charging chamber, 
i s  ad jus ted  and monitored with t h e  help of an in se r t ab le  quartz  beam viewer lo-  
ca ted  d i r e c t l y  above the  charging chamber, as seen i n  Fig. 6, A t  t h e  same time, 
t h e  faraday cup current  reading i s  used t o  set t h e  cur ren t  of t h e  ion beam. The 
la t te r  two operations ensure t h a t  t h e  proper ion beam conditions,  as prescr ibed by 
theory  f o r  t h e  p a r t i c u l a r  experiment, a r e  maintained i n  the  charging region. After 
these  prel iminary adjustments a r e  made, c e r t a i n  experimental proceGui-es a~eelfiz 
t o  t h e  method of charging by l i n e  confinement must be followed. 
This procedure i s  i n i t i a t e d  by using an osci l loscope t o  observe t h e  waveforms being 
produced by t h e  "waveform generator" o f  Fig. 12. Fa i lu re  t o  observe an output for 
t h e  i n j e c t o r ,  output No. 3, means tha t  t h e  i n i t i a l  Schmitt t r i g g e r  c i r c u i t  must be 
ad jus t ed  t o  t r i g g e r  on t h e  mul t iv ibra tor  output; t h i s  adjustment i s  made by tuning t h e  
1/2-megohm potentiometer f o r  a dependable ga t e  pulse  output ( cau t ion  must b e  exerc ised  
t o  keep t h e  t r i g g e r i n g  threshold  above t h e  poin t  where se l f - sus ta ined  o s c i l l a t i o n s  
occur) .  
m a t i c a l l y  ttclamped't negat ive by t h e  diode i n  t h e  output c i r c u i t .  
form may be connected d i r e c t l y  t o  the i n j e c t o r  high vol tage ampl i f ie r  (Fig.  15 ) .  
With a l ead  from t h e  output of t h e  high vol tage ampl i f ie r  t o  t h e  lower p l a t e  of 
The i n j e c t o r  pu lse  i s  used a t  a f u l l  amplitude of 20 v o l t s ,  and is  auto- 
Thus, t h i s  wave- 
57 
t h e  dust chamber, t h e  B+ on t h e  amplif ier  i s  adjusted,  by varying t h e  power 
supply var iac ,  t o  a value of about 15  kv. A t  t h i s  point ,  a succession of p a r t i c l e  
ftburstS" w i l l  be observed i n  t h e  dust chamber a t  a r e p e t i t i o n  r a t e  given by t h e  
per iod of t h e  mul t iv ibra tor  s e t t i ng ,  which i s  ad jus tab le  from 1 sec t o  4 sec.  
Voltages a r e  not c r i t i c a l ,  s ince  t h e  i n j e c t o r  i s  e i t h e r  "ont' or "of f t r .  
The'waveform of t h e  r epe l l i ng  voltage,  a t  output No. 1, i s  observed on t h e  osc i l -  
loscope next. I ts  decay rate i s  adjusted by t h e  1-Meg potentiometer i n  t h e  pulse 
shaping diode network, described i n  Section IV.C, t o  conform t o  t h e  t h e o r e t i c a l l y  
predicted decay r a t e  ( see  Appendix I). 
a t  about 1 v o l t  and t h e  waveform i s  ca re fu l ly  adjusted t o  remain below a l e v e l  
Output amplitude i s  t e n t a t i v e l y  s e t  
of -1 vol t ;  t h i s  allows operation i n  the  negative gr id-vol tage region of t h e  in- 
put  tube i n  t h e  r e p e l l e r  high vol tage amplifier.  The waveform of t h e  focusing 
vol tage output No. 2, i s  now observed on t h e  osci l loscope and will automatical ly  
have t h e  same decay r a t e  as t h e  repe l l ing  waveform, s ince  they  a r e  generated by 
t h e  same pulse  shaping network. 
about 1 v o l t  and adjusted t o  remain below a l e v e l  of -1 vo l t .  
The pulse amplitude i s  again t e n t a t i v e l y  set a t  
Connecting tkiese 
two outputs  t o  t h e i r  respec t ive  high voltage amplif iers ,  completes t h e  adjustment 
of t h e  (low vol tage)  r epe l l i ng  and focusing waveforms. 
A s  seen i n  Fig. 11, t h e  ex t r ac t ion  pulse appears on t h e  r epe l l i ng  waveform, and i s  
generated by two Schmitt t r i g g e r  c i r c u i t s  i n  s e r i e s .  Both of t hese  t r i g g e r  c i r c u i t s  
a r e  now adjus ted  t o  a proper " f i r i n g  leve l"  by t h e i r  respec t ive  1/2 Meg potentiom- 
e t e r s ,  and t h e  f i rs t  t r i g g e r  c i r c u i t  has  i t s  pulse dura t ion  s e t  a t  t h e  des i red  
"ex t r ac t ion  t i m e . "  Changing t h e  dc l e v e l  on t h e  cathode follower t h a t  couples t h e  
10 msec ex t r ac t ion  pulse  i n t o  t h e  repe l l ing  voltage waveform, w i l l  ad jus t  t h e  
amplitude of t h e  ex t r ac t ion  pulse  a s  it appears on t h e  r e p e l l e r  waveform; t h i s  
pu lse  i s  ad jus ted  t o  produce a zero l eve l  during ex t rac t ion ,  t o  ensure a s u f f i c i e n t  
drop i n  p o t e n t i a l  on t h e  r epe l l i ng  electrode.  
of t h e  extract ior .  pulse  a t  output No. 4, is  f ed  i n t o  t h e  "sync." input on t h e  
osci l loscope used f o r  detect ion;  i n  t h i s  way, a scope sweep i s  i n i t i a t e d  as soon 
as charged p a r t i c l e s  are allowed t o  leave t h e  charging region and t r a v e l  toward 
t h e  de tec t ion  cyl inder .  
about 1 msec/cm. 
t i o n  waveforms, t h e  phasing and exact waveforms f o r  t h e  pulsed system a r e  deter-  
mined; the high vol tage ampl i f ie rs  must be considered next. 
F ina l ly ,  t h e  d i f f e r e n t i a t e d  form 
The de tec t ion  scope i s  operated w i t h  a sweep r a t e  of 
With these  adjustments of the in j ec to r ,  confinement, and extrac-  
The i n j e c t o r  high vol tage ampl i f ie r  mentioned above i s  ac t iva t ed  by simply tu rn ing  
up i t s  B t o  about 1 5  kv. The repe l l ing  and focusing high vol tage amplif iers ,  on 
t h e  o the r  hand, requi re  more c a r e f u l  consideration. This i s  because, although t h e  
shape of t h e  waveforms i s  determined by t h e  (low voltage) waveform generator,  the 
i n i t i a l  and f i n a l  dc l eve l s  supplied t o  the  e lec t rodes  a r e  not a r b i t r a r y ,  but 
determine t h e  i n i t i a l  and f i n a l  focusing p rope r t i e s  of t he  confinement lenses .  
Consequently, the  var iacs  feeding t h e  power suppl ies  f o r  t h e  (focusing ana re- 
p e l l i n g )  B+ and B- voltages  are adjusted,  i n  conjunction w i t h  t h e  amplitude of t h e  
input  waveforms, f o r  t h e  proper i n i t i a l  and f i n a l  dc l eve l s .  The i n i t i a l  r e p e l l i n g  
vol tage  i s  determined from the  f irst  pass stopping po ten t i a l ,  and i s  t y p i c a l l y  
around 21277. 
of f i n a l  t o  i n i t i a l  e lec t rode  voltage, which has been derived on t h e  basis of 
maintaining good focusing during charge accumulation ( see  Appendix I) .  
i s  a l s o  v a l i d  f o r  the focusing electrodes.  The i n i t i a l  value of t h e  focusing v o l t -  
age, however, cannot be r e l i a b l y  ca lcu la ted  without an extensive program of analy- 
sis, and i s  most e a s i l y  determined by experiment. 
are observed on an osci l loscope,  operated i n  a dc mode, through a 1,OOO:l a t t en -  
ua to r  probe. 
+ 
The f i n a l  r epe l l i ng  voltage i s  obtained t h e o r e t i c a l l y  from t h e  r a t i o  
This r a t i o  
The f i n a l  high vol tage waveforms 
Since no probe with an input  impedance as high as the  1,000 MegQ 
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requi red  i s  commercially ava i lab le ,  we designed and constructed t h e  high vol tage 
probe described i n  Sect ion I I C  of t h e  Appendix. 
The f i n a l  phase of t h e  experimental  procedure i s  t o  v e r i f y  t h a t  t h e  de tec tor  pre- 
amp i s  i n  an operat ing s t a t e .  This i s  most e a s i l y  done by temporarily i n j e c t i n g  
a square wave on t h e  de tec t ion  cy l inder  and  observing the  r e s u l t a n t  pre-amp output 
on an osci l loscope.  
loscope i s  dc coupled t o  t h e  pre-amp and i s  operated i n  a dc mode; t h e  dc l e v e l  
of t he  output cathode follower then serves as a check on the  "operating poin t"  of 
t h e  two de tec tor  t r i odes .  
no ise  operation, and we found t h a t  shielding of t hese  b a t t e r i e s  was e s s e n t i a l  i n  
order  t o  avoid 6 0 . ~  pickup from adjacent  e l e c t r i c a l  equipment. 
t h e  de tec tor ,  d i r e c t l y  a t t r i b u t a b l e  t o  the presence of t h e  ion beam passing 
through t h e  charging chamber, w a s  g r e a t l y  reduced by: (1) i n s t a l l i n g  a s m a l l  
magnet under t h e  l ens  region neighboring t h e  detector ;  or (2)  running t h e  de tec t ion  
cy l inder  a t  a negative dc l eve l .  This information ind ica t e s  t h a t  e lec t ron  cur ren ts  
A continuous check on t h e  pre-amp is  poss ib le  i f  the  o s c i l -  
Pre-amp power i s  supplied by b a t t e r i e s  f o r  minimum 
Noise pickup on 
.. 
i n i t i a t e d  by the  ion  beam a r e  the  primary source of "beam noise" a t  the  
de tec tor .  
I n  conclusion, t h e  l i n e  
procedure t o  ad jus t  t h e  experimental parameters properly,  Most of t hese  parameters 
may be ca lcu la ted  from t h e  theory out l ined i n  Appendix I. Experimental values  must 
be found f o r  t h e  i n i t i a l  r epe l l i ng  and focusing vol tages;  t h e  r e p e l l i n g  vol tage has 
been found t o  be about 2 kv., while t h e  focusing vol tage  i s  s t i l l  i n  quest ion and 
r equ i r e s  add i t iona l  study, Noise associated with t h e  de t ec to r  has been reduced t o  
t h e  po in t  where it i s  no longer a problem f o r  de tec t ion  a f t e r  mult iple  ion beam 
t r a v e r s a l s ,  but requi res  f u r t h e r  reduction f o r  de tec t ion  of p a r t i c l e s  which have 
executed only a s m a l l  number of ion beam t r a v e r s a l s .  
confinement system requi res  a most de t a i l ed  experimental  
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V. CONCLUSIONS AND PLANS FOR FUTLTRE WORK 
A s i g n i f i c a n t  achievement during the  period of work covered by t h i s  repor t  has 
been t h e  experimental  v e r i f i c a t i o n  t h a t  charge i s  re ta ined  on t h e  p a r t i c l e s  a t  
least a t  temperatures up t o  1400°K. 
were made t o  e s t a b l i s h  a lower l i m i t  f o r  the  amount of charge a c t u a l l y  r e t a ined  
a f t e r  t h e  f i r s t  pass of p a r t i c l e s  through proton beams of known i n t e n s i t i e s .  The 
r e s u l t s  of these  ca lcu la t ions  agreed with t h e  r e s u l t s  of previous t h e o r e t i c a l  
charge accumulation ca lcu la t ions  performed on t h e  basis of zero ne t  charge leakage. 
Since protons may be expected t o  leak  almost instantaneously from micron s i z e  
p a r t i c l e s  a t  t he  temperatures a t t a ined  during f i r s t - p a s s  operations,  t hese  r e s u l t s  
provided confirmation of our previous contention t h a t  leaking protons would c a r r y  
e l ec t rons  off with them i n  v i r t u a l l y  a one-to-one correspondence, even i n  t h e  pres-  
ence of considerable f i e l d  s t rengths  ( lo7 volt/cm) and high temperature (1400°K). 
Based on our experimental data, ca l cu la t ions  
Severa l  modifications were made t o  the  charging system during t h e  per iod of t h e  
cont rac t .  These redesigns were on t h e  charging chamber, t h e  in j ec to r ,  and t h e  de- 
t e c t o r  system. 
I n  present  work, we plan t o  perform de ta i led  s tud ie s  with t h e  redesigned apparatus.  
These s t u d i e s  w i l l  be both experimental and ana ly t i ca l .  The i n i t i a l  plan i s  t o  
measure p a r t i c l e  i n j e c t i o n  v e l o c i t i e s  obtained with t h e  new i n j e c t o r  as a funct ion 
of input  pressure  and p a r t i c l e  s ize .  I n  support of and in  extension of these  s tudies ,  
t h e o r e t i c a l  f l u i d  mechanics s tud ie s  of the e f f e c t  of t hese  parameters i n  t h e  new 
i n j e c t o r  w i l l  be pursued concurrently,  appl ied t o  a s impl i f ied  assumed model. 
A t  t h e  same time, t h e  vacuum system w i l l  be improved t o  allow use of t h e  higher  
bucking p o t e n t i a l s  required by t h e  new i n j e c t o r  system. 
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After the  new i n j e c t o r  has been s tudied  (and modified, i f  necessary) and the 
parametric dependence of i n j e c t i o n  v e l o c i t i e s  determined, t h e  device w i l l  be 
placed i n  operat ion on t h e  new charging system. A series of s ingle-pass  runs 
w i l l  then be made w i t h  the new in j ec to r .  The desired r e s u l t s  here are q/m meas- 
urements as a func t ion  of beam in t ens i ty ,  input  pressure,  and p a r t i c l e  s i z e  (and 
the re fo re  i m p l i c i t l y  as a funct ion of i n j ec t ion  ve loc i ty ) .  Concurrently w i t h  
t h i s  and t h e  above-mentioned work, a de ta i led  mathematical ana lys i s  w i l l  be con- 
ducted on the new confinement system, the  objec t  here being t o  see how t h e  focus- 
i ng  can be optimized. 
g ramed  f o r  the IBM 7094 computer and parameter s tud ie s  made. 
refinements on the system as may be deemed advisable  on the  basis of t h i s  very 
d e t a i l e d  ana lys i s ,  we w i l l  work toward resumption of the mul t ip le  pass s tud ie s .  
I n  t h i s  ana lys i s  t he  e l e c t r o s t a t i c  equations w i l l  be pro- 
A f t e r  making such 
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APPENDIX I 
I MATHEMATICAL ANALYSIS OF PULSED CHARGING SYSTEM 
I A. Velocity and Charge Dependence of Electrostatic Focusing 
If we consider a system of electrodes possessing axial symmetry. the potential 
distribution within this system has no azimuthal dependence, but depends on radial 
and axial position only: 
where 
r = radius from axis of symmetry 
z = distance along axis 
This potential distribution gives rise to radial and axial forces on a charged 
particle g i v e r 1  by; 
I 
r 
These are the Newtonian equations of motion of the charged particle in the field 
region. 
It is more convenient to reformulate the problem in terms of r and z, eliminating 
the time parameter. 
operator as: 
This is accomplished by rewriting the differential time 
dz 2 
The r a d i a l  fo rce  equation now becomes: 
2 2  where t h e  a x i a l  fo rce  equation has been used t o  eva lua te  ( d  e/dt  ), t h e  a x i a l  
2 2  acce lera t ion .  Solving f o r  d r /dz  yields:  
Thus far ,  t h e  ana lys i s  has been rigorous; we now make t h e  "small angle" approxima- 
t i o n ,  where t h e  axial  velocity,, dz/dt, w i l l  be taken t o  be t h e  magnitude of t h e  
v e l o c i t y  vec tor .  Thus, we have: 
def in ing  v 
p o t e n t i a l  i s  zero.  
t h e  p a r t i c l e  t r a j e c t o r y  t o  t h e  following form: 
as t h e  p a r t i c l e  speed a t  the entrance t o  t h e  f i e l d  region, where t h e  
0 
This approximation reduces t h e  d i f f e r e n t i a l  equation governing 
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I n  t h e  genera l  case,  both t h e  charge, q, and t h e  entrance ve loc i ty ,  vo, are func- 
t i o n s  of time:* 
9 = q(t)  
We seek t o  modulate T i n  such a way t h a t  t h e  focusing c h a r a c t e r i s t i c s  of t h e  system 
w i l l  not  change with t i m e .  
i n  t i m e  by a func t ion  
means t h a t  t h e  func t iona l  form of  9 i s  maintained, but  i t s  amplitude ( a t  a l l  f i e l d  
reg ions)  undergoes an expansion or contract ion given by t h e  modulating funct ion,  
a ( t ) .  
malized t o  a (t = 0)  = 1, i s  t h e  e l e c t r o s t a t i c  f i e l d  a t  t = 0. 
i s  s u b s t i t u t e d  i n t o  t h e  t r a j e c t o r y  equation above, we have: 
Assume t h a t  t h e  e lec t rode  p o t e n t i a l s  are lhodulated'l 
a ( t ) ,  i n  t h e  manner Q(r, z, t )  = a ( t )  To (r, z ) .  This 
?b(r, z )  i s  t h e  s p a t i a l  dependence of t h e  f i e l d ,  which, i f  a ( t )  i s  nor- 
If t h i s  p o t e n t i a l  
- _ -  
Notice t h a t  t h e  first t e r m  of the  denominator i s  t h e  only p a r t  of t h e  d i f f e r e n t i a l  
equat ion t h a t  has a t i m e  dependence. Clear ly ,  i f  t h i s  term i s  a "constant of t h e  
motion," t h e  t r a j e c t o r y  w i l l  be described by t h e  same d i f f e r e n t i a l  equation f o r  a l l  
q ( t )  and v (t),  and t h e  f o c a l  lengths w i l l  remain t h e  same f o r  a l l  t i m e .  
t h a t  t h e  f i e l d  must be modulated by a funct ion:  
*These times are very long compared t o  t h e  propagation t ime of l i g h t  i n  t h e  system - 
t he re fo re ,  t h e  above e l e c t r o s t a t i c  equation i s  v a l i d  f o r  t h i s  "quas i - s ta t ic"  system. 
This means 
0 
- - - - - - -  
mv2(t) 0 
a(t)  = (const.) - dt) 
B. Velocity Build-up During Charging 
When a charged p a r t i c l e  approaches the  pos i t ive  ion beam from a lens ,  it slows 
down, passes  through t h e  ion beam, and then acce le ra t e s  over t o  t h e  o ther  l ens .  On 
each s ide  of t h e  beam it t r a v e l s  through a po ten t i a l ,  OB, which i s  due t o  the  pres- 
ence of t h e  pos i t i ve  charge i n  t h e  ion beam. When t h e  p a r t i c l e  acce lera tes  away 
from t h e  beam through '? however, it has more charge on it than when it deceler- 
ates coming toward the  beam, Consequently, t he  ve loc i ty  of t he  p a r t i c l e  a s  it 
e n t e r s  t h e  second lens ,  v2, i s  g rea t e r  than the  ve loc i ty ,  vl, which it had when 
leaving  t h e  f i r s t  lens,  by an amount obtainable from t h e  r e l a t ionsh ip  
B' 
where AQ i s  t h e  increment of charge acquired i n  t h e  beam. 
nea r ly  equal, we may use t h e  approximation: 
Since v and v2 a r e  1 
o r  
1 
2 
d(-mv2) = TBdQ . 
In t eg ra t ion  y i e lds  
v=v (t) 
0 
v=v 
0 
Q=o 
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I n  t h i s  expression, V i s  t h e  i n j e c t i o n  v e l o c i t y  a t  t = 0, when q ( t )  = 0. 0 
C. Electrode Voltage Modulation Requirements 
I n  P a r t  A we have derived t h e  e lec t rode  p o t e n t i a l  time dependence required t o  main- 
t a i n  good focusing, when both t h e  charge and t h e  entrance v e l o c i t y  a r e  time-depend- 
ent .  
charge acquired by t h e  p a r t i c l e .  
I n  Pa r t  B we showed t h a t  t h e  entrance v e l o c i t y  i s  d i r e c t l y  r e l a t e d  t o  t h e  
Consequently, t h e  modulation function, a ( t  ), 
may be  w r i t t e n  as a func t ion  of charge alone: 
3 B  
Notice t h a t  t h e  second term i n  t h e  numerator i s  t h e  r a t i o  of t h e  k i n e t i c  energy 
acquired by t h e  p a r t i c l e ,  due t o  the,beam p o t e n t i a l ,  t o  t h e  i n i t i a l  k i n e t i c  energy 
of t h e  p a r t i c l e  a t  i n j e c t i o n .  
1. 
A t  t h e  s ta r t  of charging, q ( t )  i s  a small number, and t h e  second term of t h e  numer- 
a t o r  i s  very small compared t o  unity.  
Analysis  f o r  Charge Accumulation S m a l l  Compared t o  F u l l  Charge 
This leads t o  a vol tage  modulation t h a t  i s  
i n i t i a l l y  inve r se ly  propor t iona l  t o  t h e  charge: 
1 2  
; qg9(t) << "V0 1 act) (const.) - 
&t) 
A t  t h e  same time, i n i t i a l  charge acqu i s i t i on  i s  l i n e a r ,  s ince  ( see  Ref. 1, p. 11): 
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-0' t 
q(t) = ~ T E  R v ( 1  - e 1 
O P B  
"= 4 7 ~ ~  R V 0' t = (const . ) t  . 
O P B  
I n  t h i s  equation w e  have: 
1) assumed t h a t  charge acquis i t ion  i s  continuous, r a t h e r  than i n  d i s c r e t e  
l l s teps t l  as it crosses  t h e  beam, and 
4 
2)  corrected t h e  exponent ia l  coef f ic ien t ,  0 ,  t o  a new value, a', t h a t  accounts 
f o r  t h e  t i m e  spent by t h e  p a r t i c l e  ou ts ide  t h e  beam, 
Under t h e s e  assumptions, t h e  required i n i t i a l  vol tage modulation i s  given by: 
(const.)  
t 
a ( t )  = 
The constant  i n  t h i s  equation i s  most accurately,  determined experimentally; bu t  an 
estimate of i t s  value can be obtained by t h e  following l i n e  of reasoning. 
may be conceived t o  s t a r t  j u s t  as t h e  p a r t i c l e  rece ives  i t s  f i r s t  r e f l e c t i o n  and 
focusing. A t  t h i s  moment, t h e  charge of t h e  p a r t i c l e ,  qo, i s  due t o  t h e  i n i t i a l  
pass  through t h e  beam. Thus, we have 
"Time" 
1 B  a(t = 0) = (const.)  - =  - 
0 0  
9 9  
The i n i t i a l  charge, q , i s  due t o  a sphere of ,R2 cross  sec t ion  i n  a "charge f lux"  
o f  i / T R E  f o r  
0 P 
2RB seconds. This gives: v'o 
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R '2R 
= ,(+) $ coulombs . 
B O  
where 
R = particle radius, m 
RB = beam radius, m 
i = beam current, amps, 
v0 = injection velocity, m/sec 
P 
If a(t = 0) is now normalized to one, p =  so, and we have: 
a(t) = 
O O B  
This is the required constant, subject to the functional dependence of a'on system 
parameters (derived in Appendix I E). 
2. Analysis for Full Charging 
At later times, both the charge acquired and the second term in the numerator of the 
modulation function lead to relatively large departures from a hyperbolic waveform. 
These effects become noticeable in the neighborhood of 25 percent to 39 percent of 
the maximum,theoretical saturation charge. 
using a waveform of the form: 
The situation is greatly improved by 
B 
a(t)  = A t- t '  
where B i s  t h e  constant  evaluated above, and A i s  a new "sa tura t ion"  constant  t h a t  
i s  equal  t o  t h e  modulation funct ion evaluated with t h e  sa tu ra t ion  charge. A t  the  
s ta r t  of  charging, t h e  second term predominates; as  s a t u r a t i o n  i s  approached, t h e  
leading term i s  most important. 
Consider t h e  modulation funct ion:  
which has been normalized t o  u n i t y  at t = 0, where 9 q '<<- 1 mV2 . A t  i n f i n i t e  
B O  2 0 
t i m e ,  t h i s  becomes: 
*B 
1 + - 4 7 ~ ~  R V 
2 O P B  
0 
mV 
 TIE R V 
a(t = a) = q ' O P B  0 
A s impl i f i ca t ion  of  t h i s  expression r e s u l t s  i f  we know t h e  stopping p o t e n t i a l  a t  
t = 0, defined as 0 since:  
S' 
and 
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where we are working with t h e  dimensionless r a t i o  of the  sa tu ra t ion  charge t o  t h e  
f i r s t  pass charge. The f irst  pass charge w a s  evaluated on page 69, and t h e  r a t i o  
becomes : 
With reasonable system parameters, t h i s  r a t i o  i s  about 300, and t y p i c a l  values  of 
9 and 9 are B S 
. 'B S 10 v o l t s  
Thus, t h e  asymptotic modulation vol tage  is: 
Consequently, t h e  proper modulation waveform should be a hyperbola of d e f i n i t e  
"decay time" with an asymptote a t  about 1 percent of i t s  s t a r t i n g  value.  
D. Accelerat ing P o t e n t i a l  Due t o  Beam Charge 
Since t h e  geometry of t h e  beam passing down through t h e  (grounded) vacuum system i s  
very c lose  t o  simple c y l i n d r i c a l  symmetry, we w i l l  adopt t h i s  geometry f o r  our 
ca lcu la t ions ,  Gauss' equation y i e lds  a radial  e l e c t r i c  f i e l d ,  E , given by: r 
+ 
0 
0’. E = P/E 
S V 
Q 
0 
Er = - = 
Fig. A 1  Geometry for Beam Potential Analysis 
Outside t h e  beam, the i n t e r n a l  charge, Q, i s  given by 
coul/sec 
V cm/sec 
Q = - L =  cm = coul. 
e /m = proton charge-to-mass 
VB = bean vol tage  
- - 
T~ = 7 . 5 1  i m a  In  k] &s; when VB = 30 kv 
Inside the beam, the charge contained within the surface s is given by: 
'B 1 
= 3.75 ima v o l t s  
i 
2 r r ~  0 (2eVB/m) 
Y2 
Consider a beam radius of RB = 1/4 in., and a system radius of 3/4 in. and a current 
of 1 ma: 
J n  
RS -
R n 
= I n  3 = 1.1 
= 3.75 volts  
'0 - 'B 
F i g ,  A2 Beam Voltage Profile 
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E. Modified Charging Rate 
Reference 1 derives  an equation f o r  t h e  mount of charge on a p a r t i c l e  t h a t  has 
been continuously i n  t h e  ion beam f o r  a t i m e ,  t. Page 11 of t h a t  re ference  gives:  
-wt 
z A ( 1 - e  ) 
The a c t u a l  system under considerat ion involves p a r t i c l e  t r a j e c t o r i e s  t h a t  pass  
through t h e  beam, bu t  have s i g n i f i c a n t  port ions of t h e i r  paths  outs ide  t h e  beam. 
Physical ly ,  t h i s  means t h a t  t h e  charging w i l l  proceed a t  a slower rate, given by 
t h e  r a t i o  of t h e  t i m e  i n  t h e  beam t o  t h e  t o t a l  t i m e  i n  t h e  t r a j e c t o r y .  Consider 
t h e  t h r e e  following t i m e  periods: 
TB = t i m e  t o  c ross  t h e  ion beam, 
- t l z e  tc t.m.ve1 from t h e  ion beam t o  t h e  l ens  region, and 
= 
l o  - 
TL 
t i m e  spent  being r e f l e c t e d  and focused by t h e  l ens  region. 
The f r a c t i o n  of t i m e  t h a t  a p a r t i c l e  i s  i n  t h e  beam i s  given by t h e  r a t i o :  
We w i l l  now define a new "charging constant": 
which, when subs t i t u t ed  i n t o  t h e  Ref. 1 r e s u l t ,  t akes  i n t o  account t h e  t i m e  a par- 
t i c l e  spends outs ide  t h e  beam: 
1 
q(t) = A ( l  - e t >  
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Although t h e  a c t u a l  charge accumulation i s  acquired i n  steps, t h i s  continuous 
equation roughly represents  a "time-average" of t h e  p a r t i c l e ' s  charge, which 
should be s u f f i c i e n t l y  accura te  f o r  pred ic t ing  focusing t ime dependence, 
system t i m e  per iods defined above a r e  now evaluated. 
The t h r e e  
1. Lens T ime  
Data taken wi th  a two dimensional e l e c t r o l y t i c  p l o t t i n g  board, as w e l l  as from 
standard t reatments  of systems w i t h  a x i a l  symmetry, (e.g. , Reference 6), 
i n d i c a t e  t h a t  t h e  f i e l d  between two e lec t rodes  i s  q u i t e  uniform along 
t h e  a x i s  of t h e  system. This means t h a t ,  a s  a f irst  approximation, t h e  p o t e n t i a l  
between t h e  two e lec t rodes  i s  l i n e a r  along t h e  symmetry axis, and t h a t  t h e  a x i a l  
fo rce  equations have so lu t ions  t h a t  represent  motion under uniform acce lera t ion .  
The ana lys i s  i s  s impl i f ied  i f  we d iv ide  t h e  l ens  region i n t o  two zones: 
a. Zone #1 represents  uniform acce lera t ion  from t h e  entrance of t h e  l ens  t o  
t h e  c m t . p - r  nf the  focusing electrode,  and 
b. Zone #2 represents  uniform dece lera t ion  t o  zero v e l o c i t y  as t h e  p a r t i c l e  
goes from t h e  focusing e lec t rode  toward t h e  r e p e l l e r  e lectrode.  
We de f ine  t h e  following system parameters: 
RB = rad ius  of ion beam 
lB = dis tance  from beam t o  lens  
4 = l ength  of Zone #1 
l2 = l ength  of Zone #2 
vo = v e l o c i t y  a t  entrance of lens 
v = ve loc i ty  a t  en te r ing  Zone #;! 
9 = voltage on focusing e lec t rode  
q2 = voltage on r e p e l l i n g  e lec t rode  
1 
1 
fbl 
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tl = t i m e  spent i n  Zone #1 
t2 = t i m e  spent  i n  Zone j@ 
Figure A 3  i s  a schematic representa t ion  of t h e  e lec t rode  geometry employed for our 
l ens  system, showing t h e  dis tances ,  ve loc i t i e s ,  po ten t i a l s ,  and t i m e  durat ions re-  
quired f o r  t h e  present  ca l cu la t iona l  approach. 
t h e  axial  p o t e n t i a l  v a r i a t i o n  from t h e  cen te r  of t h e  beam t o  t h e  repeller electrode,  
with @l taken t o  be negative; 1 /2  mvo represents  t h e  p a r t i c l e ' s  i n i t i a l  k i n e t i c  
energy, while  [1/2 m v t  - 61 i s  t h e  p a r t i c l e ' s  instantaneous k i n e t i c  energy wi th in  
t h e  f i e l d  region, which vanishes j u s t  shor t  of t h e  r e p e l l e r  e lec t rode  ( t h e  p a r t i c l e ' s  
"stopping poin t" ) .  
A t  t h e  same t i m e ,  Fig. A 4  i l l u s t r a t e s  
2 
Under t h e  assumption of uniform acce lera t ion  i n  t h e  l ens  region, Zone #l must have: 
2 
1 1  jl = Votl + M a t 
where t h e  acce le ra t ion  i n  Zone #1, al, i s  evaluated by: 
Thus : 
and use  of t h e  "quadrat ic  formularr y i e lds  t h e  so lu t ion :  
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t =  
1 ;[q] 9 91 
I n  Zone #2, t h e  p a r t i c l e  f i n a l l y  comes t o  rest and we have: 
or  
v a1 - 
t 2 = ' -  [; +a, tl] 
The e n t i r e  lens  time, TL, i s  the  sum of tl and t2: 
where 
91 + 92 .,;-:[ l2 ] 
Subs t i t u t ing  i n  t h e  value of tl from above and t h e  value of a2 i n t o  t h e  equation 
for T gives:  L 
T -  L 
m 
J 2(Ep1 
I + - -  1 
2 
0 
mv 
mvoll  
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2 
0 Notice t h a t  t h e  term (qql/mv ) i s  a time-independent f ac to r ,  because of t h e  e l ec t rode  
voltage modulation. 
v i r t u e  of t h e  entrance v e l o c i t y  increase, which i s  only of importance toward t h e  
region of s a t u r a t i o n  charge. 
This means t h a t  t h e  time spent i n  t h e  l ens  changes only by 
2. Intermediate Time 
During t h e  p a r t i c l e  t r a j e c t o r y  going from t h e  edge of t h e  beam t o  tne ierls ~-egtczi, 
t h e  charged p a r t i c l e  experiences an acce le ra t ion  through t h e  beam p o t e n t i a l ,  '9 
The shape of t h i s  p o t e n t i a l ,  f o r  c y l i n d r i c a l  beam-to-vacuum w a l l  geometry, i s  
logar i thmic ,  The r e s u l t a n t  equation of motion leads t o  a d e f i n i t e  i n t e g r a l  t h a t  
r equ i r e s  numerical i n t e g r a t i o n  f o r  i t s  evaluation. On t h e  o ther  hand, i f  t h e  beam 
diameter i s  about as l a rge  as  t h e  d is tance  t o  t h e  l ens  entrance, then t h e  beam 
p o t e n t i a l  along t h e  t r a j e c t o r y  i s  almost l i n e a r ,  and uniform acce le ra t ion  may be 
adopted. This condition i s  f u l f i l l e d  i n  our  case. Consequently, we have: 
B' 
and 
--cB = o  1 2  - 
2 EbTo "OTO 
Since the term(% q) i s  a small number f o r  most of t h e  charging period, and be- 
comes comparable t o  u n i t y  only i n  the neighborhood of: sa tu ra t ion  charge, we may 
expand the  square roo t  i n  a Taylor s e r i e s  about(- q) = 0. This procedure 
m v g  ., 
r e s u l t s  in :  
Notice tha t  we have used t h e  i n j e c t i o n  ve loc i ty ,  Vo, as t h e  v e l o c i t y  t h e  p a r t i c l e  
has when it leaves  t h e  beam; t h i s  procedure i s  j u s t i f i e d  i n  t h e  next sect ion.  
3. Beam Time 
Except for the s l i g h t  p o t e n t i a l  gradient wi th in  t h e  beam i tself ,  most of t h e  in-  
c r ease  i n  p a r t i c l e  v e l o c i t y  i s  due t o  t h e  po ten t i a l ,  
l e n s  region. However, when t h e  p a r t i c l e  r e t u r n s  t o  t h e  ion beam, a f t e r  being 
r e f l e c t e d  and focused by t h e  conservative f ie lds  outs ide  t h e  beam, it slaws down 
through TB, and e n t e r s  t h e  beam w i t h  t h e  same v e l o c i t y  t ha t  it had when it l e f t  t h e  
from the ion beam t o  t h e  
T B p  
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beam. 
always crosses  t h e  beam with the  same velocity,  namely, t h e  i n j e c t i o n  veloci ty ,  
This e f f e c t  gives  r i s e  t o  a beam time of: 
Consequently, t h e  p a r t i c l e ,  except f o r  second order  e f f e c t s  within the  beam, 
. vO 
4. Charging Rate 
By combining t h e  r e s u l t s  of t h e  t h r e e  preceding sect ions,  we can make an est imate  of 
t h e  modified charging rate. These results are:  
2 
- 2 w B ] t f q  2 . . . j  
mV mV 
0 
Since t h e s e  parameters r e t a i n  t h e i r  i n i t i a l  values f o r  a l a rge  p a r t  of t h e  charging 
process, we may use t h e  s t a r t i n g  conditions:  
80 
1 2  
9B 2 0 
<<-mV 
where t h e  i n i t i a l  stopping p o t e n t i a l  has been used. 
The times spent i n  t h e  three regions now assume t h e  form: 
We have previous ly  shown t h a t :  
where o i s  t h e  charging constant  as  defined i n  R e f .  1, and o' i s  t h e  charging con- 
s t a n t  t h a t  has been modified f o r  p a r t i c l e  t r a j e c t o r y  t i m e  ou ts ide  t h e  ion  beam. 
The above t i m e  r a t i o  was evaluated f o r  t h e  i n i t i a l  phase of charging, when t h e  
v e l o c i t y  build-up due t o  t h e  beam p o t e n t i a l  was q u i t e  small. A s  s a t u r a t i o n  charge 
81 
is approached, however, we must return to the more exact time-dependent solutions. 
These will only involve TL(t) and To(t), since TB remains invariant during the 
charging process. If we rewrite the time-dependent solution for TL(t) as: 
\(t) . V 0 ( t )  =A {[1 A. T1  ] j2.1 1 i-7 - 1) 
0 
4 T1 i- 92 [?I 
it will be noticed that the right-hand side of the equation is time-independent 
since 
and 
-- - (const.) 9 (t = 0) # f ( t )  Gl 
mv 
2 1 
0 
At the same time 
This means that TL(t) v (t) will be equal to its value at t = 0: 0 
but 
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which y i e lds  t h e  f i n a l  r e s u l t :  
The exact  time-dependent so lu t ion  f o r  T (t) has already been ca lcu la ted  t o  be 
0 
2 where we have used t h e  r e l a t i o n  1/2 mVo Consequently, both time durat ions,  
, as s a t u r a t i o n  i s  reached, T 
This  term i s  evaluated i n  t he  next sect ion,  and amounts t o  about 2. If t h i s  i s  
su-us i,ii,~t~< l i l t C  t h e  Z ~ C V P  ~$1~.3.+.i ans ,  we have: 
and To, w i l l  be influenced by the  L 
T L ( 9  6 TL(0) 
Therefore, the va r i a t ion  i n  t h e  modified charging rate i s  r e l a t i v e l y  small, and 
should not  a f f e c t  t h e  vol tage modulation requirement during most of t h e  charging 
period. 
F. Theore t i ca l  Typical System Parameters 
1. Modified Charging Rate 
The charging constant  assoc ia ted  w i t h  continuous ion beam bombardment, O ,  i s  given 
by (see R e f .  1, p. 11): . 
iR 
JRD P 
a=-- - 
4E v 2 
0 B 4 m  R V 
O B B  
Typic 1 values f o r  t hese  arameters a r e  
i = beam cur ren t  2 1 x 10' amps. 
R = p a r t i c l e  rad ius  1 x 10 m 
4ne  = fundamental constant = 1.11 x 10 f / m  
-6 
P - 10 
-2 = beam radius  2 1/2 x 10 m 
= beam energy 3 x 10 vol ts  
RB 
vB 
4 
With these  parameters, the  unmodified charging constant is: 
-6 
-1 
= 12.0 sec 
(10 ) 
a =  
4 
(1.11 x lo-1o) (% x 10-4 ( 3  x 10 ) 
or 
(l/o) = .083 sec. 
The i n i t i a l  time r a t i o ,  from p. 81., is determined by t h e  equation: 
From t h e  machine drawings of t h e  phys ica l  system, and from prel iminary ind ica t ions  
of voltage- requirements, reasonable values f o r  t h i s  equation a re :  
lB = d i s t ance  from beam t o  lens = 2 cm 
ll = d i s t ance  of l ens  focusing = 1.5 cm 
l2 = a i s t ance  of l ens  r epe l l i ng  = 1.6 cm 
RB = beam radius  = .5 cm 
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0 = focusing p o t e n t i a l  ( i n i t i a l )  = 1 kv 1 
= 
= 
r epe l l i ng  p o t e n t i a l  ( i n i t i a l )  = 2 kv 
stopping p o t e n t i a l  ( i n i t i a l )  = 1.5 kv 
?2 
q5 
Thus : 
J 1 + T1hs =/= = 1.29 
= 1/3 = .333 
o r  
This gives  a modified charging constant given by: 
12.0 -1 
11.7 
1 sec - -   0 0)' = 
T +TL 
0 
I t  m A 
B 
, 
or 
Consequently, with a lu radius  pa r t i c l e ,  a 1 m a  ion beam with a beam diameter of 
about 1/2 inch, we would expect a system t i m e  constant  of about 1 sec.  
f i e l d  a t  t h e  surface of t h e  p a r t i c l e  would then have an i d e a l  value given by: 
The e l e c t r i c  
4 
1 3 x 10 ( 1  - .367)  vB --  ( 1  ---) = 
R 2.72 10-4 P 
6 
200 x 10 v/cm 
Effec ts  of changing beam curren ts ,  beam radius ,  and p a r t i c l e  s ize  are r ead i ly  
ca l cu la t ed  by t ak ing  r a t i o s  of t hese  r e s u l t s .  
2. Asymptotic Voltage Rat io  
A s  saturation cnarge is ~ t s ~ ; i e 2 ,  %;e Z C + L ~ ~ ~ ? E  f lmct icn j  
ing  value.  
(t); w i l l  reach a l i m i t -  
l This func t ion  has t h e  form: 
and i t s  l i m i t i n g  value i s  given by: 
where 
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[+I= ?[;I v O B  v 
Typical values f o r  t h e  system are :  
= fundamental constant = .555 x 10 - 10 f / m  0 2 KE 
i 
RB 
vB 
vO 
R 
P 
TB 
?S 
yie ld ing  : 
= beam curren t  = 10 -3 amps. 
= beam radius  = 1/2 x m 
= p a r t i c l e  rad ius  = 1 x 10 -6 m 
4 = beam energy = 3 x 10 v 
= i n j e c t i o n  ve loc i ty  = 2 x 10 1 m/sec 
= beam p o t e n t i a l  = 
= i n i t i a l  stopping 
12 v 
po ten t i a l  = 1.5 x 10 3 v 
= 170 
and 
B ax [;] [ B] = [ s] (170) = 1.36 
This leads  t o  an asymptotic modulation function value of :  
whence 
a ( t  = 03) 
a( t  = 0) = .014 
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APPENDIX I1 
ELECTRONIC CIRCUIT THEORY 
The e l e c t r o n i c  c i r c u i t s  required f o r  many aspects  of our pulsed system are mainly 
well-known c i r c u i t s ,  such as, mult ivibrators ,  Schmitt t r i g g e r  c i r c u i t s ,  e t c ;  although 
these  c i r c u i t s  had t o  be designed f o r  our spec i f i c  needs, t h e  bas i c s  of t h e i r  
operat ion i s  w e l l  t r e a t e d  i n  s tandard texts.* Work on these  c i r c u i t s  pr imar i ly  
requi red  p a t i e n t  app l i ca t ion  t o  f i n d  t h e  exact parameters for dependable system 
operat ion.  The c i r c u i t  components f i n a l l y  adopted f o r  our system are shown i n  
Sect ion I V  C of  t h i s  repor t .  Severa l  e l ec t ron ic s  problems, however, were s p e c i f i c  
t o  t h e  micropar t ic le  charging work and required de ta i l ed  ca l cu la t ions ,  These are: 
1) 
2 )  
3) 
t h e  input  impedance t o  t h e  detect ion pre-amp; 
the 'output  impedance of  t h e  h.v. ampl i f ie rs  feeding t h e  e lec t rodes ;  and 
t h e  frequency compensation required i n  order  t o  observe t h e  h.v. waveforms 
on an oscillv~c~~c. These t.nyir!s are discussed i n  t h e  following t reatment .  
A. Detector  Input Impedance 
The de tec to r  input  s t age  i s  a high input  impedance cathode fol lower using a low 
noise ,  low microphonic, 6EU7 t r iode .  The input  impedance of t h i s  s tage  determines 
how r a p i d l y  t h e  induced charge w i l l  d ra in  o f f  t h e  de tec t ion  capac i tor ,  This cur- 
r e n t  d r a i n  must be slow compared t o  t h e  p a r t i c l e  t r a n s i t  t i m e  through t h e  de tec tor .  
With an expected e x i t  v e l o c i t y  i n  excess of 30 m/sec, and a de tec t ion  cy l inder  1 
inch  long, t h e  de tec t ion  pulse  length  requirement i s  of the order  of:  
2. 54 
3 x 10 
. 1 msec t --= - 
P U l  se 3 
- - - - - - -  
*For example, see Ref .  7. 
Consequently, t h e  input  t i m e  constant, 7 
reproduce t h e  top  of t h e  de t ec to r  pulse.  
p a r t i c l e ' s  charge i s  measured, so  t h a t  we must have t h e  condition: 
must be a t  l e a s t  10 msec, t o  f a i t h f u l l y  D' 
It i s  from t h i s  pu lse  he ight  tha t  t h e  
7 = C Z > 10 msec D D i n  
where 
= capac i ty  of t h e  de t ec to r  2 1 0 p p f  
= cathode follower input impedance, 
cD 
'in 
which leads t o  a minimum input impedance of 
9 
= 10 Q 10 sec Gin) = 
-12 * min 10 x 10 
= 1,000 MQ 
The input  c i rcu. i t ,  wi th  i t s  "equivalent c i r c u i t ,  i s  
-~ 
Fig. A 5  Input  C i r c u i t  Fig. A 6  Equivalent Input C i r c u i t  
The equiva len t  c i r c u i t  y i e l d s  t h e  following loop equations: 
i. (R + R ) - i R  = e  I n  2 g 2 2  i n  
-i R + i ( R  t R  + r ) = -  
i n 2  2 1 2 P 
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But t h e  vol tage from g r i d  t o  cathode, e i s  given by: c' 
e = e  - i  R t i ( R  + R 2 )  c i n  i n 2  2 1  
and t h e  loop equations become: 
i (R + R ) - i R  = e .  
i n  2 g 2 2 i n  
- i ( 1  + u)R2 t i 2  Fit , , )  ( R  1 t ~ ) + r  2 
p] = - y e  i n  i n  
Therefore, using Cramer's r u l e :  
- R  
2 
If we assume tha t  R >> R * the second term i n  t h e  numerator may be neglected,  and 
we are l e f t  w i t h :  . 
Q 2' 
The c i r c u i t  components used are:  
= 470Q R1 
R2 = 1OOm 
R = 22m 
p = 100 
r 2 70kn 
g 
P 
?' These values lead t o  an input  impedance given by 
10, 170 kR 
= 1.030 
This r e s u l t  means t h a t  t h e  de tec tor  e lec t ronics  has a low frequency response down 
t o  about 100 cps (10 msec), and should allow a v i r t u a l l y  undis tor ted de tec t ion  
pulse  t o  appear on t h e  osci l loscope for a d e f i n i t i v e  charge measurement. 
B. Output Impedance of High Voltage Amplifiers 
The high vol tage  ampl i f ie rs  t h a t  "drive" t h e  system's e lectrodes must maintain t h e i r  
vol tages  i n  t h e  presence of small s t r a y  cur ren ts  being picked up by t h e  e lec t rodes ,  
from secondary emission e l ec t rons  created by ion  beam impacts on me ta l l i c  sur faces  
and/or from ion iza t ion  of r e s idua l  gas molecules i n  t h e  vacuum system. 
from an e l e c t r o n i c s  poin t  of  view, t h a t  t h e  output impedance of t h e  ampl i f ie r  must 
be low. 
t o  a change i n  output cur ren t  
This means, 
The output impedance i s  defined as t h e  r a t i o  of a change i n  output vol tage 
where we may def ine:  
e 
i E output cur ren t  when t h e  output terminals  are shorted (by, say, a l a r g e  
E output vol tage when no current  i s  drawn from t h e  output terminals  0 
0 
capaci tor ,  t o  block dc) .  
The equivalent  c i r c u i t  f o r  t h e  output s tage i s  t h a t  f o r  a cathode follower:  
Fig .  A7 Equivalent Output Circuit  
with  t h e  loop equation given by 
i l ( R g  t R2) - i R = e. 
2 2 i n  
“C 
- i R t i ( R  t R2 t r ) = - 
1 2  2 1 P 
The grid-to-cathode voltage,  e i s  obtained from 
C’ 
- - e = e. c in 2 P  
and t h e  loop equations become 
i l ( R z  t Rg) - i 2R2  = ein 
Solving for t h e  cur ren t  i y ie lds :  
2 
- v 
1 = e. I - R 2  - - I  1-+ v - 
P 
R2 Rg -R2 
-R R t R  + -  " I  2 1. 2 l f v  
The output voltage,  e i s  given by 0, 
S u b s t i t u t i n g  i n  t h e  value of i yie lds :  2 
If t h e  output i s  shorted,  t h e  output cur ren t  t h a t  r e s u l t s  i s  given by 
eC 
i =- 
O r  
P 
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but i n  t h i s  s i t ua t ion ,  t h e  g r i d  voltage,  ec, i s  j u s t  t h e  input  voltage and 
'lein 
i =- 
O r  
P 
Thus, t he  output impedance i s  given by: 
The c i r c u i t  values of these  components are: 
R1 = 5.6kn 
= lorn R2 
R = loom 
g 
6x4, see Fig. 16 f o r  t y p i c a l  p l a t e  curves. 1 IJ 2,000 : lorn 
These values give an output impedance of 4.5k.Q,Thus, i f  we draw steady state 
cu r ren t s  as l a r g e  as 50 Fa on these  electrodes,  t he  vol tages  on the  e lec t rodes  
w i l l  drop by an amount given by: 
3 
neo = ( 4 . 5  x 10 ) (50 x 
which i s  q u i t e  acceptable ,  Since electroge vol tages  w i l l  range from k i l o v o l t  l e v e l s  
down t o  t e n s  of vo l t s ,  and s ince  the  s t r ay  e l ec t ron  cur ren ts  w i l l  diminish as t h e  
e l ec t rode  vol tage i s  modulated downward, t h i s  small  vol tage drop w i l l  be neg l ig ib l e .  
C. 
When k i l o v o l t  s igna l s  are t o  be displayed on an osci l loscope,  t h ree  requirements 
must be f u l f i l l e d :  
Frequency Compensation i n  High Voltage Probe 
94 
1) 
2 )  
3) 
the signals must be attenuated down to the volt domain; 
the measurement must not draw appreciable current from the circuit; and 
transient response should not be impaired by the attenuator. 
The first two requirements are generally fulfilled by simply using a large resistor 
in series with the l M R  scope impedance; a 1,000 M R  resistor would reduce a 10 kv 
signal to about 10 volts at the scope. The third requirement is more subtle; this 
is because there is always some capacity across the l M R  
charge up slowly if it is in series with a large resistor. 
scope resistor, which will 
Consider the following circuit, where e is the kilovolt signal and e is the 
observed scope signal: 
in 0 
Fig .  A 8  High Voltage Probe 
R 
2 R1 l/cl s R 1 /C2s  t 
2 2  
2 l / C s t R 1  t 1 / C s t R 2  
2 1 
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(1 -t RIC1s) (1  -t R C s) R 
' (1 t R C s) 
:. [3 = 2 2  2 
R 2 ( 1  t RICIS) -t R 1 ( l  + R C S) 
2 2  2 2  
- ~ 
l + R C s  
2 1 1 t R C s  
2 2  
1 1  
R + R  
R 
2 
- L L  # f(S) if: R C = R C  ; C =- -- 
1 1  2 2  1 R - R + R  
2 1  1 
Consequently, a small (h.v.) trimer capaci tor  across  R 
t r a n s i e n t  response of t h e  a t tenuator .  
t o o  la rge ,  then C can be increased,  2 
w i l l  r e s u l t  i n  good 1 
If t h e  " in t r in s i c : '  capac i ty  of E is all-eaZy 1 
The experimental  h.v. probe designed for t h i s  work uses a 1,000 M R  , high voltage,  
r e s i s t o r  w i t h  a l u c i t e  tube surrounding t h e  6-inch-long r e s i s t o r .  A t  t h e  l o w  vo l t -  
age end, a BNC connector allows a scope (operated i n  a ''dc" mode)* t o  be connected 
t o  t h e  r e s i s t o r  by a coaxia l  cable.  A small wire, connected by one end t o  t h e  cable  
sh ie ld ,  i s  made t o  move along w i t h  t h e  end of a p l a s t i c  screw toward the  h.v. end 
(ou t s ide  t h e  l u c i t e  Shield) .  
good square wave i s  observed on t h e  scope, w i t h  t h e  "cal .  output" of the scope 
Thus, t h e  trimmer capaci tor ,  C1, i s  var ied  u n t i l  a 
feeding the  h.v. end of t h e  r e s i s t o r ;  t h i s  c a l i b r a t e s  t h e  u n i t  for observing our 
- - - - - - -  
*If t h e  scope i s  operated on "ac" t h e  i n t e r n a l  coupling capac i tor  w i l l  at tempt t o  
r i s e  up t o  the kv dc l eve l .  
h.v. waveforms. Notice t h a t  t h e  cable capacitance i s  p a r t  of C and t h a t  t h e  cable  
and a t t enua to r  must be ca l ib ra t ed  together as a u n i t .  
2’ 
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APPENDIX I11 
MACHINE DRAWIIVGS OF F’ULSED SYSTEM FOCUSING ASSEMBLY 
The focusing assembly designed for the pulsed charging system is based on machining 
a brass 2-inch ”T”. The vertical part of the T has a brass plate silver-soldered 
to it for mounting the assembly on the ion beam apparatus, and the electrodes are 
placed in the two arms of the T that face each other. At the same time a 2-inch 
copper tube is silver-soldered onto the T to provide a support for the faraday cup, 
while the actual electrodes are mounted on nylon cylinders within the arms of the 
T. End caps, vacuum sealed with O-rings, complete the assembly. Machine drawings 
of these parts are shown on the following pages, and a sketch of the assembled 
system is shown in Fig. 5. 
NOTE: 
Brass  "T" is turned by upper I. D. for  a press  fit with a 2l' copper tubing, which 
extends 2 1/2" beyond "T". Tubing is then silver soldered to "T" and trimmed 
up inside. After 311 Diam., 1/4" thick brass  ring is silver soldered to  tubing, 
surfaces marked "M" are lightly machined for flatness and concentricity. 
Finally, upper 6 3/417 Diam. brass  disk is silver soldered to "TIv. Discrete 
use of dilute hydrochloric acid and sand-blasting clean assembly. 
( A l l  
Fig. A9 Housing Assembly 
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n 
M 
C 
100 
( A l l  D i m e n s i o n s  in I n c h e s )  
Rounded Edge 
\ . 110 
t-• +.005 
I 
Slip Fit Into Brass 
"Tft Ends. - 1/2 - 
'2 - 
- 
- 
I- - 
i 
Material: Dural 
No. Required: 2 
Fig.  A l l  End Plate 
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(All Dimensions in Inches) 
I 
3 1/4 
Silver Solder 
0-Ring Grooves 
3/16 Wide, .110 
I 
Material: Nylon, Brass,  & Copper 
No. Required: 1 
f. 005 
Fig. A12 Faraday Cup Assembly 
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APPENDIX IV 
CHARGE NEUTRALIZATION BY AMBIENT GAS 
The charge on the micron-sized p a r t i c l e s  can be neut ra l ized  by f i e l d  ion iza t ion  of 
t h e  n e u t r a l  gas molecules surrounding the  charged spheres.  
i on iza t ion  of n e u t r a l  gases has been s tudied i n  d e t a i l  by NGller e t  a l .  (Ref. 5 ) .  
I n  R e f .  5, Miilier g ives  t h e  r e s u l t s  of his ana lys i s  f o r  t h e  geometry of t h e  f i e l d  
emission microscope, Applying h i s  r e s u l t s  t o  our problem leads t o  a conservat ive 
answer due t o  the f a c t  t h a t  t h e  e l e c t r i c  f i e l d  of a charged sphere f a l l s  o f f  faster 
The r e s u l t s  of t h i s  
The subjec t  of f i e l d  
than r 4/3 , t h e  s p a t i a l  dependence of the  f i e l d  used by Mcller. 
ana lys i s  show t h a t  f o r  t h e  charging times involved i n  our system, t h i s  form of 
charge n e u t r a l i z a t i o n  i s  not  appreciable un t i l  one a t t a i n s  sur face  f i e l d  s t rengths  
of about 120 Mv/cm i n  a hydrogen atmosphere. 
neu t r a l i za t ion ,  as ca lcu la ted  f o r  Mcller ' s  geometry, amounts t o  about 17 percent  of 
the charge accrued. The a c t u a l  percentage i s  lower because of t h e  conservativeness 
of using r e s u l t s  f o r  MGller's geometry, 
A t  t h i s  f i e l d  s t r eng th  t h e  charge 
I n  t h e  ana lys i s  t h a t  follows, t h e  rate of charge neu t r a l i za t ion  f o r  a charged sphere 
immersed i n  a n e u t r a l  gas is der ived under t h e  assumption t h a t  every gas atom 
s t r i k i n g  t h e  sphere i s  ionized.  
f i e l d  s t r eng ths .  
pene t r a t ion  ana lys i s .  
be compared so as t o  a t t a i n  an estimate of  how conservat ive w e  a r e  i n  t h e  previous 
r e s u l t .  
g ive n e u t r a l i z a t i o n  rates a t  least 20 times higher than those  f o r  our  geometry. 
This assumption i s  a c t u a l l y  very good only a t  high 
A t  low f i e l d  s t rengths  one must ac tua l ly  perform a barrier 
However, t he  r e s u l t s  a t t a i n e d  here in  and those of M:ller can 
From Fig.  Al3, w e  can see t h a t  a t  high f i e l d  s t r eng ths  X:ller's r e s u l t s  
The gas  molecules surrounding a charged sphere are a t t r a c t e d  t o  t h e  sphere by t h e  
d ipo le  f o r c e  on t h e  gas.molecule due t o  t h e  nonuniform e l e c t r i c  f i e l d ,  A s  p e r  
where r i s  t h e  rad ius  of t h e  flcller, we def ine  a rad ius  of capture, re, (re > ro, 0 
10 l2 
lo1] 
10 la 
lo9 
lo8 
lo7 
lo8 
0 From Muller's 
Formula 
R,= cm 
P = 2 x mm Hg 
lo9 1o1O 
Electric Field - Volts/Meter 
Fig.  A 1 3  Number of Charges Neutralized P e r  Sec 
Versus Elec t r ic  F ie ld  Strength 
11 
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sphere) .  
i s  j u s t  equal  t o  t h e  c e n t r i p e t a l  force of a t angen t i a l ly  approaching molecule of 
p o l a r i z a b i l i t y  a and mass m. 
The d is tance  r i s  def ined as t h a t  dis tance a t  which t h e  d ipole  a t t r a c t i o n  
C 
Mathematically, t h i s  i s  expressed 
2 
-aE - =- dE mv 
dr r 
C 
where 
E = e l e c t r o s t a t i c  f i e l d  due t o  charged sphere 
v = mean gas ve loc i ty .  
The e l e c t r o s t a t i c  f i e l d  of a charged sphere of radius ,  r i s  given by: 07 
where 
0'  
Eo = t h e  e l e c t r i c  f i e l d  s t r eng th  a t  r = r 
S u b s t i t u t i n g  into Eq. (1) w e  have 
2 4  2 4  aE r aE r 
4 0 0  0 0  r =- 1 
C mv 2 / 2  =gi- 
u t i l i z i n g  t h e  f a c t  t h a t  
where 
I 
k = Boltzmann's const.  
T = absolute  temperature.  
(kT) ' C .. 
The number of gas molecules, N, s t r i k i n g  a sphere of radius,  r , p e r  u n i t  time when 
immersed i n  an ordinary gas a t  pressure P i s  given from k i n e t i c s  as: 
C 
Subs t i t u t ing  f o r  r we get :  
C 
4n u N =  
( BmkT) ' (kT) '- 
2 
4.09 Pa% r 
0 0  N =  (9) 
5 m kT 
Figure A l 3  i s  a p l o t  of N vs. E f o r  a 1 p  rad ius  p a r t i c l e  i n  a hydrogen atmos- 
phere. 
of magnitude i n  t h e  low f i e l d  a rea  (E  2 100Mv/cm), t h e  separa t ion  becoming more 
pronounced as t h e  f i e l d  i s  lowered. 
amount of t i m e  spent i n  charging the  p a r t i c l e  t o  a given f i e l d  s t r eng th  i s  going 
t o  put  severe r e s t r i c t i o n s  on t h e  gas pressure t h a t  can be t o l e r a t e d .  If t h e  times 
are l a r g e  then  t h e  gas pressure  must be correspondingly low. 
charging t imes (721 se i )  are r e l a t i v e l y  short;hence ordinary ion  beam systems 
vacuum can be t o l e r a t e d  ( P  2 10 
0 
Inc lus ion  of t h e  b a r r i e r  p e n e t r a b i l i t y  would lower t h i s  curve by orders  
F romth i s  derived r e s u l t  one can see tha t  t h e  
I n  our system t h e  
-6 
m Hg). 
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APPENDIX V 
EFFECTS OF FIELD I O N I Z A T I O N  ON CHARGE RFTENTION 
It i s  pointed out  i n  R e f .  1 t h a t  the  high temperature t o  which t h e  micron-size 
p a r t i c l e s  are heated as a r e s u l t  of t h e  charging process may r e s u l t  i n  a charge 
leakage problem. 
below 1000% when charging wi th  milliampere beam cur ren t s ,  
t h i s  high temperature i s  t o  increase t h e  d i f fus ion  of captured protons out of t h e  
tungsten spheres.  This might o r  might not have cons t i t u t ed  a problem, depending 
on whether t h e  protons d i f fused  out as ions or as neu t r a l s .  
It was indica ted  t h a t  t h e  temperature peak could not  be kept 
The d i r e c t  e f f e c t  of 
The binding energy of t h e  ground s t a t e  e l ec t ron  i n  hydrogen i s  13.6 ev, while t h e  
energy requi red  t o  remove an e l ec t ron  from t h e  tungsten l a t t i c e  i s  4.54 ev; there-  
fore ,  one might expect t h a t  each proton escaping from a tungsten l a t t i c e  would have 
a high p r o b a b i l i t y  of removing an e lec t ron  wi th  it and emerging from t h e  tungsten as 
a n e u t r a l  hydrogen atom. The p robab i l i t y  f o r  t h i s  mode of emission r e a l l y  depends 
upon t h e  time t h a t  t h e  ion spends i n  the v i c i n i t y  of t h e  surface.  Our f e e l i n g s  on 
t h i s  quest ion were t h a t  because of t h e  somewhat nebulous understanding of t he  
d i f fus ion  of atoms i n  metals and the  number o f  f a c t o r s  s t i l l  unknown, t h e  so lu t ion  
t o  t h e  problem l a y  i n  t h e  performing of t h e  experiments. 
Even i f  we had found t h a t  t h e  protons d i f fused  out of tungsten as protons i n  
apprec iab le  q u a n t i t i e s  we were prepared t o  overcome t h i s  d i f f i c u l t y  through t h e  
use of helium ions .  These ions d i f fuse  through metals only a t  very high tempera- 
tures o f t en  only near  t h e  melt ing point  (see R e f .  1, page 21). 
t h e  maximum s p u t t e r i n g  coe f f i c i en t  of  tungsten by helium ions was made based on 
known d a t a  of  helium ions  on copper and t h e  da ta  of n i t rogen  ions on copper and 
tungs ten  (see Ref .  8 & 9). 
f o r  helium on tungsten should be less than 0.05. 
An estimate of 
It was found t h a t  the maximum spu t t e r ing  c o e f f i c i e n t  
Therefore, spu t t e r ing  would not  
be a problem. 
and t h e  t i m e  it would spend i n  the  tungsten i s  orders  of magnitude l a r g e r  than t h a t  
f o r  protons,  t h e  r e l a t i v e l y  f e w  helium ions t h a t  might l eak  would have a much 
g r e a t e r  a f f i n i t y  f o r  picking up electrons on t h e  way out. 
helium look very a t t r a c t i v e .  
Since t h e  binding energy for a s i n g l y  charged helium ion i s  24.6 ev 
This makes use of  
Another po in t  of concern w a s  t h a t  of f i e l d  ion iza t ion .  A t  f irst  thought the  very 
ex is tence  of the  f i e l d  ion microscope's high e f f i c i e n c y  would lead one t o  be l i eve  
t h a t  even if protons were t o  d i f fuse  out as n e u t r a l  hydrogen atoms, t h e  high e lec-  
t r i c  f i e l d  a t  t h e  tungsten sur face  would r e s u l t  i n  t h e i r  becoming ionized again.  
If t h i s  indeed happened a charge loss  would occur. However, c a r e f u l  s tudy of E.W. 
Mcller's paper (see Ref. 5 )  c l e a r l y  shows t h a t  f o r  t h e  case where a n e u t r a l  i s  
moving out from t h e  sur face  a t  d i f fus iona l  v e l o c i t y  t h e  p robab i l i t y  f o r  i on iza t ion  
i s  less than  Hence, r e ion iza t ion  does not 
r n n s t  i t.11t.e A. ser ious  problem. 
f o r  a f i e l d  s t r eng th  of 250 &/cm. 
The high ion iz ing  e f f i c i ency  of t h e  f i e l d  ion microscope i s  obtained only as the  
resul t  of an experimental  arrangement t h a t  does n o t  e x i s t  i n  our system. I n  t h e  
f i e l d  ion microscope, as t h e  atom approaches t h e  t i p ,  t h e  ion iza t ion  p r o b a b i l i t y  
a t  f i rs t  increases  rap id ly ,  unit1 a c r i t i c a l  d i s tance  outs ide  t h e  sur face  i s  
reached. The ion iza t ion  p r o b a b i l i t y  then abrupt ly  goes t o  zero. A t  t h i s  poin t  
the  energy of t h e  outer  e l ec t ron  of the  atom becomes lower than t h a t  of the Fermi 
sea e l ec t rons  i n  t h e  metal. Hence there  i s  no available level  for t he  e l e c t r o n  t o  
go t o  i n  the metal. A s  can be seen from Fig. 2b of ( R e f .  5)  the  region of maximum 
i o n i z a t i o n  i s  only a f e w  angstroms i n  depth. W e  can see f r o m t h e s e  curves t h a t  
t h e  i o n i z a t i o n  p r o b a b i l i t y  f o r  gas atoms on a s i n g l e  pass  t o  t h e  t i p  i s  extremely 
s m a l l ,  This i s  due t o  t h e  high ve loc i ty  r e s u l t i n g  from dipole  a t t r a c t i o n .  A t  t h e  
surface, those  atoms which have not been ionized are r e f l e c t e d  and aga in  move out 
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i n t o  t h e  region of high ion iza t ion  probabi l i ty .  They are ,  however, drawn back by 
t h e  dipole  force.  
t h e  atoms perform a slow hopping motion as  they a r e  pul led  back t o  the  surface by 
dipole  a t t r a c t i o n .  On t h e  average, by t h i s  process, t h e  r e f l e c t e d  molecule w i l l  
r e s ide  i n  the  zone of high ion iza t ion  probabi l i ty  f o r  a r e l a t i v e l y  long per iod of 
time. The l a t t e r  phenomenon gives r i s e  t o  t h e  high ion iza t ion  e f f i c i ency  of t h e  
microscope. 
After  accommodation t o  the  low t i p  temperature, usua l ly  20%, 
I n  t h e  case of n e u t r a l  hydrogen gas emerging from a tungsten surface a t  some lOOO(’K 
t o  l’jOO%, as i n  our system, t h e  t o t a l  ion iza t ion  p robab i l i t y  should correspond t o  
t h e  value f o r  a s ing le  pass,  which i s  extremely low. This, i ron ica l ly ,  i s  one case 
where t h e  high temperature helps  us. 
APPENDIX VI 
ANALYSIS OF INJECTION VELOCITY* 
The tungsten particles are injected into the charging section by an aerodynamic 
accelerator. 
Since the injection velocity is an important parameter in the experiment, the 
following analysis has been carried out in an attempt to verify experimental 
determinations. The model describes the "old" injector, used for the bulk of our 
work. 
one at essentially atmospheric pressure and the other at a vacuum of about 5 x 10 
The particles pass through a 0.004" diameter tube which connects two chambers; 
-2 
torr. In their passage they are entrained and accelerated by the gas flow between 
the chambers, and are fired out into the vacuum chamber (see Fig. A 1 4 ) .  
Derivation (Ref. Shapiro, The Dynamics and Thermodynamics of Com- 
pressible Fluid Flow, Vol. 1) 
Prlc+.Fnn c n e f f i  c i  ent of the tube (laminar flow, fully developed) : 
f =  m+------J 
4rb 0 4ub L where Maoh No. - M, 
Fig. A14 Pressure Chamber Configuration 
Gas flow in a tube of high L/D across which a high pressure ratio exists will be 
dominated by the wall friction losses in the tube. If the back pressure is in the 
lo-' torr range, the compressible nature of the flow requires that the exit flow 
be sonic. Solution of the adiabatic, one dimensional, steady flow equations shows 
*Contribution of Dr. Richard Oman and Dr. Reuben Chaw, Fluid Mechanics Section, 
- - - - - - -  
G r w a n  Research Department. 
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t h a t  a l l  f l u i d  proper t ies  can be expressed i n  terms of t h e  upstream (s tagnat ion)  
condi t ions and  t h e  r a t i o  of s p e c i f i c  heats of t he  gas ( Y ), w i t h  t h e  l o c a l  Mach 
number as a parameter. Since t h e  Mach number increases  monotonically from a very 
low i n l e t  value t o  uni ty  a t  t h e  e x i t ,  we can a l s o  use t h e  sonic  state (denoted by 
an a s t e r i s k )  a s  a convenient reference.  
We w i l l  employ Stokes Drag Law t o  ca lcu la te  t h e  forces  on t h e  p a r t i c l e s ,  as t h e  
Reynolds number for these  p a r t i c l e s  is  extremely low. We ignore acce lera t ion  i n  
t h e  entrance region, where ve loc i ty  i s  very low, and i n  t h e  e x i t  region where t h e  
mean f r e e  path of t he  gas molecules exceeds t h e  diameter of the p a r t i c l e s .  Co l l i -  
s ions  of p a r t i c l e s  with the  w a l l s  w i l l  undoubtedly be an important f ac to r ,  reducing 
t h e  a c t u a l  bead ve loc i ty  by a considerable f a c t o r .  Since t h e  momentum loss  i n  a 
s i n g l e  w a l l  c o l l i s i o n  i s  unknown, and we have no good method of es t imat ing the  mean 
number of c o l l i s i o n s  per  bead i n  t ravers ing  t h e  tube length,  it seems reasonable 
t o  t r e a t  t h e  "upper l i m i t "  case of no co l l i s ions .  
aerodynamic acce lera t ion  takes  place i n  the  l a s t  p a r t  of t h e  tube g r e a t l y  increases  
t h e  v a l i d i t y  of ignoring t h e  e f f e c t s  of w a l l  c o l l i s i o n s .  
- 'me f a c t  zna t  mosi wl" L i l t :  
The following i s  a b r i e f  ou t l i ne  of t h e  aerodynamic ca l cu la t ions  conducted t o  
determine t h e  e x i t  ve loc i ty  of t h e  beads. 
With t h e  known condi t ions we have t h e  expression: 
C 
P 
0 1  V 
4f [-] = 5( + o. " i )  ( y  = = 1.4) 
Also t h e  choking condi t ion a t  t h e  e x i t  requi res  tha t :  
2 2 
2 + 0.86 Qn [ lS2  M1 1 - M1 
1.4 M 1 + 0.2  M 
1 
111 
150 
10 0 
50 
0 
Size :t Table F1 X in POZlATM 179 111 82 64 
50 
42 
37 
32.5 
Meter/Sec 
POSO. lATM 
174 
106 
75 .5  
59 
48 
40.5 
35.1 
31 
9 29 27.7 
10 26 24.8 
To = 500°F 
A B  
i i 
1 2 3 4  5 6  7 8 9 10 
1 - 10-4cm (radius of bead) 
Fig. A 1 5  Particle Velocity Versus Pressure 
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An approximation f o r  M t h a t  s a t i s f i e s  both condi t ions:  1 
m = 0 .0954  P 
1 0 
and 
The v e l o c i t y  d i s t r i b u t i o n  along tube i s  very c lose  t o  l i n e a r  
For a simple model: 
rd;r = 6 ~ -  { V  - A }  E Stokes Drag Law. V W  
2 
we obtain:  
F i g .  A 1 6  Simpl i f ied  Model far V e l o c i t y  Calculations 
t [TI = [+] [: [ ( 1  - t wO] where a = 0 .104  
ps ps 
with  boundary condi t ions 2 = ? = 0 a t  t = 0: 
Solu t ion  of t h e  d i f f e r e n t i a l  equation i s  as follows: 
( tube  l ength / sec )  
I m - m  2 1  
where 
ll 
' s  
Operating Conditions Fig .  A 1 7  Pressure Chamber Configuration Showing 
Operating Conditions 
- 500°F abs. TO 
CI - const = 118 x # mass/sec f t  
p, = beads dens i ty  = 18.9 gm/c.c. 
= 1180 # mass/ft' 
Y = bead rad ius  = l o m 4  t o  c m  =- d 
Po 
V" 
2 
= 0.1 t o  1 a t m .  
= sonic  v e l o c i t y  based on T * = ( Y RT * ) 'I2 = 1042 f p s  
0 
L = 1/6 f t  
Results 
I. Gas Flow: 
If] = M i  = wo = 0. 104 P a = 0. 104, P in atm 
0' 0 
Linear  v e l o c i t y  d i s t r i b u t i o n  i s  a good approximation i n  t h e  tube  
11. Bead Velocity at 
i ( i n  meters per sec) 
the Exit of the Tube 
19.7(1 - ape) 
A = [e- i n  u n i t s  of sec - 1  
Figure A15 clearly shows that the particle velocity is extremely insensitive to 
input gas pressures (over our operating range), but very sensitive to particle 
radius. 
APPENDIX V I 1  
EXPERIMENTAL DETERMINATION OF CHARGE-TO-MASS 
RATIO FOR FIRST PASS PARTICUS 
The p r inc ip l e  involved i n  t h i s  experiment i s  simply t h a t  of equating t h e  i n i t i a l  
k i n e t i c  energy of t h e  micropar t ic le  t o  i t s  p o t e n t i a l  energy when stopped by a 
bucking voltage.  
charged i n  t h e  process. 
t o  rest on a p iece  of mylar tape  a f t e r  leaving the  beam. 
appl ied t o  oppose the  motion of p a r t i c l e s  coming through t h e  beam. 
tends t o  prevent t h e  p a r t i c l e s  from reaching t h e  tape.  
i s  j u s t  su f f i c i en t  t o  prevent p a r t i c l e s  from reaching t h e  tape  i s  then recorded. 
P a r t i c l e s  are in j ec t ed  through t h e  beam, becoming pos i t i ve ly  
I n  the absence of bucking voltage,  these  p a r t i c l e s  come 
A bucking voltage i s  
This vol tage 
That bucking vol tage which 
The k i n e t i c  energy of t he  microsphere is:  
where 
m --- mass of p a r t i c l e  
q --- charge on p a r t i c l e  
v --- p a r t i c l e  i n  j ec  t ion ve loc i ty  
VB --- voltage due t o  beam 
0 
With a bucking voltage,  Vo9 we have: 
2 mv 
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Solving f o r  a / m  we have 
of maximum obtainable  charge. 
2 
V 
0 
dm = 
2 ( vo - VB ’ 
In  t y p i c a l  experiments we have found: 
v > 30 m/sec 
Vo = 540 v o l t s  
0 
vB = a0 volts 
Hence : ! 
dm 2 1 coul/kgm. I - 
We know t h a t  i n  order f o r  p a r t i c l e s  t o  be p o s i t i v e l y  charged they  must be no smaller F 
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